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Abstract

This thesis presents a new technique for measuring total absolute collision cross sec-

tions. Using this technique, the total absolute collision cross sections were deter-

mined for neon in the (3s)3P2 metastable state with ground state thermal atoms

and molecules. A magneto-optical trap (MOT) is used in this technique which infers

the cross sections via the measurement of population dynamics within the MOT to

determine the collision cross section.

This technique is capable of providing benchmark measurements of total absolute

collision cross sections. The measurements are unique for the low average collision

energy which ranges between 11meV and 27meV for the different collision species and

relatively low uncertainty of approximately 9.4%. The measurements were for neon

in the (3s)3P2 metastable state with He, Ne, Ar, H2, O2, N2 and CO2. The measured

cross sections were respectively 160 ± 20Å
2
, 500 ± 50Å

2
, 840 ± 80Å

2
,230 ± 20Å

2
,

1000 ± 100Å
2
, 1300.0 ± 100Å

2
, 830 ± 80Å

2
. The measurements made using this
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technique have small uncertainties, of the order of 10% of the measured cross section.

As Ne* does not have the energy to ionize He, the Ne*-He collision was entirely elastic

and the validity of this technique was confirmed by comparing the experimental result

for this collision with an approximation for the elastic collision cross section based on

van der Waals forces. The calculation based on this approximation yielded an elastic

cross-section of 168.88Å
2

for the Ne*-He system. This theoretical value compared

favourably and within the uncertainties of the experimental measurement for the

Ne*-He collision of 160± 20Å
2
.

To be able to perform these investigations a rebuild and partial redesign of the Griffith

University metastable neon trapping apparatus was necessary and was included in this

work.
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Chapter 1

Introduction

1.1 Laser Cooling and Trapping

Laser cooling by the radiation force was first proposed in 1975 by Hänsch and Schawlow

[1], and separately by Wineland and Dehmelt [2]. Until the invention of lasers, the

radiation force’s mechanical effects had been considered insignificant due to the low

brightness of available sources. The invention of the tuneable narrow linewidth laser

provided a radiation source that could exert a considerable force on atoms and could

be used for cooling [3]. A proposal for using radiation pressure to three-dimensionally

trap atoms, based on the dipole force, was presented by Ashkin in 1978 [4]. In fact,

Ashkin had realized in 1970 [5] the magnitude of radiation pressure from lasers and

1
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had observed that it could be utilised in such a way to avoid disturbing thermal ef-

fects. This manifested in his work on using radiation pressure to accelerate and trap

micron sized particles [5] as well as deflecting an atomic beam using these methods

[6].

The first laser cooling experiments involved the cooling of trapped ions by both

Wineland et al. [7] with Mg+ ions and Neuhauser et al. [8] with Ba+ ions in 1978.

The first experiment demonstrating laser cooling of neutral atoms was performed at

Moscow’s Institute for Spectroscopy in 1981 with Na [9]. When cooling alkalis, op-

tical pumping of atoms into ‘dark’ states can be an issue as they no longer interact

with the cooling laser beam. This experiment used two cooling frequencies to avoid

optically pumping all the atoms into a dark state. The atoms, whose velocity puts

them in resonance with the laser, were Doppler cooled into a colder and narrower

span of temperature. This cooling leads to bunching of atoms rather than a contin-

ually cooled atomic beam. In 1979 the group at Moscow’s Institute for Spectroscopy

had reported laser cooling incorporating chirping, the scanning of the laser frequency

to compensate for the Doppler effect, and circular polarisation to avoid dark states

[10]. The results were suggestive of possible cooling, though further analysis by this

group [11] showed that the impurity of the circular polarisation would have generated

too much optical pumping into dark states and therefore little deceleration could be

expected [12].
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In 1982 Phillips and Metcalf [13] reported non-resonant cooling, with a magnetic

bias field to prevent optically pumping the atoms into a dark state, and also cooling

with the use of a Zeeman slower, both to continuously slow a sodium atomic beam.

This was the first use of a Zeeman slower, which is a tapered solenoid that produces

a spatially varying magnetic field. This magnetic field is used to Zeeman shift the

atomic transition frequency to match the velocity induced Doppler shift. The laser

cooling is thus allowed to continue as the atoms decelerate rather than shifting out of

resonance with the laser. Optical pumping can also be used to increase the population

of atoms being cooled. The appropriate choice of circular polarisation avoids dark

states by optically pumping the atoms into the largest magnetic sub-state, creating

a state selected atomic beam in the proper magnetic orientation to be trapped [12].

In 1985 this technique resulted in bringing atoms close to rest with a velocity spread

corresponding to a temperature of < 100 mK [14]. Close to rest as well as negative-

velocity atoms were also reported from chirped atom cooling with Na in 1985 by

Ertmer et al. [15]. To compensate for the Doppler effect, the laser frequency is swept

with broadband electro optic phase modulators to keep the laser on resonance with

the atoms as they slow.

Magnetic trapping of neutral atoms was first achieved for Na in 1985 by Phillips’

group [16]. The basis of operation behind these traps is that in an inhomogeneous

magnetic field an atom with a magnetic dipole moment feels a force from the magnetic
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field. Low field seeking atoms, where the quantum states energy increases with the

increasing field, are able to be trapped. The magnetic trap used two current loops

which created a spherical quadrupole field to provide a linear trapping potential [16].

Loading of the magnetic trap was by using the Zeeman slowing method reported by

the group also in 1985 [14]. The potential depth is determined by the strength of the

magnetic field and this particular trap had a depth of 17mK, equivalent to a velocity

of 3.5 m/s in Na [16]. This shallow trap potential requires the atoms being loaded

into the trap to have a sufficiently low kinetic energy to achieve trapping.

In 1983 Ashkin and Gordon presented the Optical Earnshaw theorem [17]. This

theorem states that a scattering force trap is impossible provided the scattering force

Fscatt is proportional to the laser intensity I. It is analogous to Earnshaw’s Theorem

for electrostatics that in a charge-free region there is no point of stable equilibrium

for a test charge.

Ashkin and Chu took a different route in trapping neutral atoms beginning with the

realisation of the first optical molasses in 1985 with Na [18]. Laser cooling is the basis

for the optical molasses. With laser cooling the laser is red detuned and counter-

propagating to the atomic beam to slow the motion in that direction. The optical

molasses is created by using six red detuned laser beams intersecting, a counter-

propagating pair in each orthogonal axis. As the atom moves towards any of the
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beams, the laser light from that beam Doppler shifts into resonance so the atom pref-

erentially absorbs from that beam, opposing the motion and slowing the atom. Thus

the optical molasses opposes the atom’s motion in each direction. An optical molasses

is not a trap, since there is no restorative force keeping the atoms in the molasses,

only the dampening of motion to inhibit the atom’s escape. Optical molasses was

thus named because the way the laser light slowed down the atoms was analogous to

how objects are slowed down when falling through a viscous liquid like molasses.

Optical traps rely on the dipole force (or gradient force) rather than the scattering

force which is the basis of laser cooling and magneto-optical traps (MOTs). In 1986

Ashkin and Chu reported the first optical trapping of Na atoms loaded from an optical

molasses [19]. The optical trap was created by a single strongly focused Gaussian laser

beam red detuned several hundred gigahertz off the resonance transition in Na and

had an estimated trap population of 500 atoms with a trap depth of approximately

5 mK. This is the experimental realisation of the single-beam gradient-force trap

proposed by Ashkin in 1978 [4].

After numerous frustrations trying to record the signal with a photomultiplier tube,

it occurred to Chu that since they could see the trap with the naked eye, results could

be taken using a video camera and subsequent analysis of the video tape [20]. As a

proof of principle experiment during this work, a single focused laser beam was used

to trap a micron-sized silica sphere in water. The sphere was far more polarizable
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than an atom so the experiment could occur at room temperature. This was the first

occurrence of optical tweezers [21].

The Optical Earnshaw theorem was circumvented by realising the assumption of

Fscatt ∝ I need not be true [22]. This leads to the idea of possible combinations

of external magnetic or electric fields that could be used to create a stable optical

trap. The first MOT using Na in 1987 was a product of a collaboration between

Prichard’s and Chu’s groups [23]. This is the first trap to use the spontaneous light

force rather than the induced light forces of the dipole force. The trap depth was 400

mK with a population of 107 atoms [23]. Compared with the trap depth of the pure

magnetic or optical traps, this is a much deeper trap. The laser arrangement is that

of an optical molasses, with the specific handedness of the circular polarisation of the

laser beams being important. As for the optical molasses, the frequency of the laser

beams is red detuned with respect to resonance. The magnetic gradient is provided

by the same arrangement as that of first magnetic trap, though with magnetic fields

around a hundred times smaller. The weak magnetic field splits the energy levels by

the Zeeman effect. This provides a position dependent force towards the centre of

the trapping region defined by the intersection of the laser beams and is applicable to

both directions of all three axes. The MOT was found to be quite robust to variations

of the parameters involved.
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Laser cooling, optical molasses, magnetic trapping, optical trapping and magneto-

optical traps are all now commonly used tools in atomic physics utilised for a variety of

applications including optical lattices [24], atomic fountains [25], atom interferometry

[26][27], an optical lattice atomic clock [28], atom lithography [29], atom optics [30],

laser trapping spectroscopy [31], nuclear physics using cold trapped radioactive atoms

[32][33], ultra high-resolution laser spectroscopy of trapped antihydrogen atoms as a

test of CPT symmetry [34] and ultra sensitive isotope trace analysis [35]. The creation

of Bose-Einstein condensation [36][37][38] often utilise MOTs in the early stages for

their formation.

The significance of this work was recognised with the 1997 Nobel Prize to Steven Chu,

Claude Cohen-Tannoudji and William D. Phillips for development of methods to cool

and trap atoms with laser light [39]. Laser cooling and trapping are the basis for

the techniques to produce Bose-Einstein Condensates, the subject of the 2001 Nobel

Prize awarded to Eric A. Cornell, Wolfgang Ketterle and Carl E. Wieman [40].

1.2 Metastable Neon Collisions

Collisions are the basis of operation for many devices such as fluorescent lights and

certain types of gas lasers e.g. HeNe lasers. The efficiency of such devices is dependent

on collision induced transitions and hence accurate measurements of collision cross
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sections are important for the design and construction considerations. Collisions

involved with cooled, trapped atoms is an area of much interest, especially studies

of the collisions which are involved in the formation of Bose-Einstein condensates

(BEC). Evaporative cooling is often used to cool atoms for the formation of a BEC.

Evaporative cooling consists of a combination of removing the hottest atoms from

the trap and elastic collisions rethermalising the gas to a lower temperature. Inelastic

collisions however lead to trap loss and therefore a large positive ratio of elastic to

inelastic collisions is important. A large positive ratio will ensure enough atoms can

be cooled using evaporative cooling whilst not losing too many atoms from the trap.

MOTs provide an alternative way to study collisions through trap loss measurements,

as the trapped atoms can be considered to be at rest when compared with room

temperature collisional species.

Metastable collisions are important processes in research fields such as plasma physics,

atmospheric physics and astrophysics [41]. They hold special significance due to the

large internal energy possessed by the metastable atoms. Most Ne* collision studies

are for ionization processes collectively known as chemi-ionization [42]. There are five

possible ionization processes, though three are only applicable if the collision species

is a molecule rather than an atom. Where XY is the collision species as an atom or

molecule the processes are;

Ne∗ +XY → Ne+XY + + e−, Penning ionization (1.1)
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Ne∗ +XY → NeXY + + e−, Associative ionization (1.2)

These following ionization processes are only applicable when the collision species is

a molecule:

Ne∗ +XY → Ne+X+ + Y + e−, Dissociative ionization (1.3)

Ne∗ +XY → NeX+ + Y + e−, Rearrangement ionization (1.4)

Ne∗ +XY → Ne+X+ + Y −, Ion Pair production (1.5)

In addition to these ionization processes are the inelastic and elastic collisions which

will dominate over the ionization processes in their contribution to the total cross

section for each system. It is important to note in equation 1.6 that the superscript

asterisk indicates the species are not in the lowest energy state. It may be in a higher

electronic state, as the metastable species are, or for molecules, a higher rotational

or vibrational state is also possible [43]. The inelastic collisions transfer some of the

initial kinetic energy in to the internal energy of the collision species.

Ne∗ +XY → Ne∗ +XY ∗, Inelastic (1.6)

Ne∗ +XY → Ne∗ +XY, Elastic (1.7)

The first experimental measurements of the total collision cross section for Ne* were

performed by passing a metastable beam through a diffuse gas and measuring the

attenuation of the atomic beam as a function of the pressure of the scattering gas [44].
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Table 1.1: The total collision cross sections between a mixed metastable Ne beam
and the scattering gases measured by Hasted and Mahadevan [44]

Scattering Gas σ in units πa2
0

He 234
Ne 174
Ar 316

In 1959, Hasted and Mahadevan [44] used this technique on He* and Ne* collisions

with He, Ne and Ar. The He* or Ne* beam was created using a discharge type source.

A magnetic field is used to remove the charged particles from the beam. The beam

then passes through the collision chamber and the contained diffuse scattering gas.

The metastable atoms are then measured using a wedge surface ionization detector

which consists of two metal plates with a potential across them. The beam flux

is measured as the variation of the detector’s electron current. The cross section

measurements result from this beam flux or beam attenuation measurement as a

function of the pressure of the scattering gas [44]. The He* total collision cross sections

measured agreed with theoretical values available [44]. The relative mix of the two

metastable states of neon was unknown for these measurements. No trend of cross

section with atomic number of the scattering gas was observed. The uncertainties

have been estimated at ten percent of the cross section of Ne* with the following

scattering gases at 300 K in table 1.1.

Rothe and Neynaber [45] in an effort to match the van der Waals potential, theoret-

ically and experimentally, noted that if the experimental cross sections were about
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Table 1.2: The total collision cross sections between a 3P2 metastable Ne beam and
the scattering gases measured by Rothe and Neynaber [45]

Scattering Gas σ in units Å
2

He 123
Ne 143
Ar 398

thirty percent lower these potentials would agree. The Ishii-Nakayama pumping ef-

fect, a systematic experimental error in McLeod gauges, was discussed [45]. Elimi-

nating this error, they measured the total scattering cross section for He* and Ne*

as well as correcting previously published alkali metal cross sections for comparison.

The apparatus involved a velocity selected beam of the 3P2 metastable state of Ne

at 1056 m/s, that was passed through the scattering chamber containing a diffuse

sample of the scattering gas. The Ne* beam was finally measured by an electron

multiplier. The attenuation of the Ne* beam was determined by comparison of the

electron multiplier signal as a function of the scattering gas pressure in the scattering

chamber [46]. The uncertainties are estimated at 25% for the cross sections between

Ne* and He, Ne and Ar at 300 K in table 1.2.

In 1975 Cohen and Scheider [47] used the Ne*-Ne total scattering cross section results

of Rothe and Neynaber [45] and Hasted and Mahadevan [44] to compare with their

theoretical calculations of total cross section. The theory and experimental results

show good agreement with the theoretical values falling within the uncertainties of

the experimental results.
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The total ionization cross section for the Ne*-Ar collision with the Ne* beam con-

taining a mixture of the 3P0 and 3P2 metastable states was investigated by several

groups. In 1972 two groups [48][49] reported measurements using a Ne* beam inter-

acting with the scattering gas in the scattering region whilst the pressure of scattering

gas is maintained at thermal energies. Analysis of the ions produced along with the

velocity dependence of the cross section was investigated in these works and their re-

sults were compared in Moseley et al.[49] with theoretical calculations by Olson [50].

In a similar experimental setup the ratio of associative ionization to all ionization

processes for Ne*-Ar was measured by Kramer et al. in 1972. The ratio was ob-

tained by measuring the ion signals of NeAr+ and Ar+ as a function of the Ar partial

pressure. A single measurement of the Ar+
2 signal was also made to determine the

absolute cross section for the destruction of associative ions by secondary collisions

with the background Ar gas [51]. The large cross sections for the destruction of the

associative ions formed suggested that the associative ionization process occurs very

close to the disassociation limit. Kramer et al. also used this technique for collisions

of He*-Ar, He*-Kr and Ne*-Kr [51].

With different experimental setups to the results reported in 1972, the ionization

cross section of Ne*-Ar was also reported in 1975 by Neynaber and Magnuson whom

obtained absolute and relative collision cross sections for Penning and associative

ionization [52]. Ne* was also mix of the 3P2 and 3P0 metastable states and the
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experiments were performed over a range of interaction energies from 0.01 to 600

eV. They used a merged beams technique with an additional electric potential in the

interaction region to identify products from that region. The measurement was made

by the detection of the ions produced in the collision. Also in 1975, West et al. [42]

measured absolute chemi-ionization cross sections and branching ratios at thermal

energies using a cross beam apparatus for a wide variety of scattering gases, with He,

Ne, Ar, and Kr metastable beams. In this cross beam experiment, the metastable

beam intersects the thermal target neutral beam at right angles. The attenuation

of the metastable beam is measured as well as the ions produced at the interaction

region and both of these measurements are used to determine the cross section.

The measurement of the relative total ionization cross sections for various atoms and

molecules with metastable neon by Aguilar et al. [53] generated all measurements on

the same relative scale. The absolute ionization cross section for Ne*-Ar measured

by West et al. [42] was then used to calibrate this scale and their results.

Differential elastic scattering measurements of Ne* with Ar, Kr and Xe were measured

by Gregor and Siska in 1980 [54]. This data combined with ionization cross sections

was used to derive optical potentials for these systems to investigate the hybridization

of Ne* molecular orbitals and the mechanisms of quenching. The experiments were

performed using a crossed-beam apparatus with the scattered metastables detected

by an electron multiplier mounted on a rotatable platform. Electrostatic deflectors
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were used to discriminate metastables from ions and electrons.

Further optical potentials were obtained by Baudon et al. in 1991 [55] for Ne*-Ar and

Ne*-N2. For these two systems, differential elastic cross sections were measured for

two different collision energies per system. These results were combined with other

results for the total ionization cross section and integral cross section measurements

already available to calculate the optical potentials. This group had previously in-

vestigated differential cross sections at thermal energy for Ne* in the 3P2 state with

ground state Ne and O2. In particular, the polarisation effects were of interest in the

difference between the cross sections for Ne* in the |j = 2,m = +2〉 state and the

|j = 2,m = −2〉 state for both systems [56].

In 1986 Siska’s crossed beam experiment [57] incorporating the addition of a tunable

dye laser for state selection of the Ne*, found the product branching ratios in the

ionization in Ne*-Ar collisions dependant on the fine structure of Ne*. Associative

ionization was found to be more prevalent with the 3P0 state than the 3P2 state.

Crossed beam experiments were used in several other Ne*-Ar ionization cross section

measurements. The velocity dependence of the total ionization cross section over

a thermal energy range and the associative to Penning ionization ratio was again

measured in 1984 by Aguilar-Navarro et al. [58]. The results were found to be mostly

consistent with previous measurements. Velocity map imaging was used to investigate
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this system in 2000 by Delmdahl et al. [59]. This technique produces an image where

the product ions of the same velocity are mapped to a single point on the image from

which the ions can be identified and their velocities calculated. Penning ionization

electron spectroscopy is a related measurement performed using the crossed beam

apparatus to investigate the Penning ionization process of the Ne*-Ar collision by the

Siska group in 2003 [60].

While much of the research interest has investigated the Ne*-Ar collision, work has

also been performed investigating Ne* collisions with other species. The total collision

cross section measurements of Hasted and Mahadevan [44] and Rothe and Neynaber

[45] were for Ne* with He, Ne and Ar. Using a state selected beam in a crossed beam

apparatus, the total ionization cross sections were measured for Ne* with Ar, Kr,

Xe, N2, H2, O2, NO, CO, N2O, CO2 and CH4 [61][62]. A mixed beam of the two

metastable states of Ne was used to measure the velocity dependence of the total

cross section using this crossed-beam machine of the collisions of Ne* with; Ar, Kr,

Xe, O2, N2, CO2 and CH4 [63]. These measurements were all performed at much

higher collisional energies than the collisions studied in this work.

The most comprehensive set of scattering gases used for the ionization cross section

was reported by Aguilar et al. [53]. Total ionization cross sections were measured for

17 different scattering gases with Ne* using a crossed beam apparatus. The scattering

gases included noble gases Ar, Kr and Xe as well as molecules; N2, NO, O2, Cl2, HCl,
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HBr, CO2, N2O, CH4, CH3Cl, CH3Br, C2H2, C2H4 and C2H6. Other studies of the

ionization cross section include the ionization of H2, D2 and HD by Ne* [64].

Atomic beams used in these experiments typically have less than ∼0.1 percent of the

beam in the metastable state [65] with the rest of the beam in other excited states

or the ground state. The beam also includes electrons and UV photons (from the

decay of the other excited states). This low metastable beam density can lead to

large signal to noise uncertainties so that any measurement signal may be lost in

the noise. The MOT provides a pure source of the 3P2 state of neon. In detection,

metastables have an advantage due to their large internal energy and can be detected

like electrons with channel electron multipliers, Faraday cups, thin wire scanners,

microchannel plate detectors and electron multipliers. The cooling transition is in

the visible region, so not only can the trap be observed by the naked eye, cameras

can also be used for the visible spectrum.

1.3 Other Collision Investigations using magneto-

optical Traps

Collisions in traps are measured by either detecting the product of the collision, for

example ion detection to measure Penning ionization, or by measuring the loss from
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the trap population [66]. This trap loss can be measured as either the loading rate of

the trap or the decay rate of the trap. The loading or decay rates can be measured by

recording the fluorescence of the trapped atoms. The loss rate can then be determined

through curve fitting to the loading or decay curve. Measuring the decay curve is how

the results of this work were taken and extracting the cross section from data is further

discussed in chapter 4. The loss rate measured for a decay (or loading) curve is a

combination of the loss rates from all loss processes involved. Investigations of the

variation of this loss rate with various trap parameters have been carried out for

various systems [66]. To determine the loss from a specific stimulus, comparison of

the loss rates at different values of the stimulus can allow the loss rate to be extracted

from the transient behaviour [66]. This particular method has the advantage of not

requiring absolute knowledge of the trap population. Specific examples of these kinds

of collision investigations are discussed below.

Dinneen et al. [67] developed a technique to measure excited state photoionization

cross sections using a MOT. The cross sections were determined by recording the

loading dynamics of the trap. The comparison of the loading dynamics of the trap

to the loading dynamics while the trap is exposed to the photoionization laser beam

can be used to determine the photoionization cross section. Using a MOT for this

measurement, the only absolute measurement required is the photoionization laser
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intensity rather than also requiring the absolute atom numbers and total ion produc-

tion rate which are both difficult to determine to a reasonable precision [67]. This

technique has been used to measure the photoionization cross section of excited states

for various alkalis and has also been used to measure the photoionization cross section

for 3D3 excited state of neon by Claessens et al. [68].

Magneto-optical traps are also used as a source of atoms for total absolute electron-

atom collision cross section measurements. Schappe et al. [69][70] pioneered using

a MOT for electron-atom collision measurements. Beginning with the trap on, the

trapping laser and magnetic fields are turned off. After a short period where the

magnetic field decays and the atoms return to ground state of the cooling transition,

the electron beam is pulsed on, ionizing some of the atoms. The atoms are allowed

to ballistically expand after the electron pulse for a defined period of time. The

trapping forces are then restored and the non-ionized atoms in the trapping region

are recaptured. This loading curve is what is measured and compared to the case

where there is no electron beam pulsed on to obtain the loss rate due to the electron

atom collisions. The time the atoms are allowed to expand determines the specific

type of collision measured. A very short expansion period will recapture the non-

ionized atoms but the ions are lost giving the total electron impact ionization cross

section [70]. If the expansion period is longer, the slowly recoiling atoms also escape

the trap giving the total electron atom scattering cross section [69].
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Photoassociation is a process that can occur when atoms collide in the presence of a

laser field. During the collision, the initially free pair of atoms can resonantly absorb

a photon to produce a bound molecular state [71]. Photoassociation spectroscopy

has been performed extensively in cold atom systems for alkali atoms, hydrogen

and metastable noble gas atoms and is used to investigate long range interactions

between atoms. At thermal energies, photoassociation spectra are broad and con-

tain little information. With ultracold atoms, the spectra show high resolution and

small vibration and rotation spacings of long-range molecular levels near dissociation

[72]. Binding energies, dissociation energies and radiative lifetimes can also be de-

termined using photoassociation spectroscopy. The formation of ultracold molecules

by photoassociation of ultracold atoms is also an important technique with further

applications to trapping ultracold molecules, ultracold collision studies and molecular

Bose-Einstein condensates [72].

Photoassociation spectroscopy is performed with a low intensity probe beam illumi-

nating the cloud of trapped atoms. From the cooling transition the catalysis probe

beam is red detuned. Scanning the frequency of this catalysis laser beam will pro-

duce the photoassociation spectrum for this state. The bound molecular potential’s

vibrational-rotation states will be excited in this process. As each state is excited

(which will be a photoassociation resonance) the bound state is formed, and as these

bound states are insensitive to the trapping forces in the MOT, these molecules are
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lost from the trap. These increased trap losses indicate the frequency location of

the resonance whereby the losses can be measured by either fluorescence, or ion

production [72]. To detect levels of photoassociation not observable by fluorescence

measurements, a second laser can be used that is broadly tuned so to ionizes the

photoassociated products and these ions can then be detected. Photoassociative ion-

ization creates ions in systems such as sodium [73][74] and these can be directly

detected.

A different kind of collision experiment utilizing a MOT as the target in an angularly

resolved collision measurement is magneto-optical trap recoil ion momentum spec-

troscopy (MOTRIMS). This is based on the cold target recoil ion momentum spec-

troscopy (COTRIMS) technique [75]. Recoil ion momentum spectroscopy improves

resolution in scattering angle and Q-value measurements for ion-atom collisions by

measuring the recoiling target vector momentum rather than the scattered projectile’s

angle and energy the recoiling target vector momentum. From the perpendicular com-

ponent of the recoil momentum the scattering angle can be deduced and the parallel

component of the recoil momentum is used to determine the Q-value. The Q-value

indicates, in a charge transfer collision, the energy level that the electron has been

transferred to [75]. The technique relies on the target momentum distribution being

small compared to the recoil in the ionizing interaction. The COTRIMS technique

uses supersonic expansion to cool the target. The use of a MOT to provide a cold
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target increases the resolution of the spectra. Differential ion-atom collision cross sec-

tions can be measured using the MOTRIMS technique using a recoil ion spectrometer

[76]. This technique can be used to probe different processes in the MOT subject to

external stimulus such as determining trap population dynamics, Rydberg atom pro-

duction, photoassociation and electromagnetically induced transparency [75].

1.4 Other Metastable Neon magneto-optical Traps

After the alkali-metals, metastable noble gases are the next most popular species for

laser cooling and trapping [77]. Metastable helium is simplest of the metastable noble

gases and the most popular for laser cooling and trapping. Bose-Einstein condensation

(BEC) of the 23S1 metastable state of helium was first achieved by both the group at

the Institut d’Optique in Orsay [78] and the group at Ecole Normale Suprieure (ENS)

in Paris [79] in 2001. Metastable neon is also of interest for laser cooling and trapping.

Including the group at the centre for Quantum Dynamics at Griffith University, there

are four groups worldwide with metastable neon MOTs.

Metastable noble gas atoms are an interesting species due to their large internal

energy and long natural lifetimes. These properties make these species important

in a variety of areas of physics including gas lasers, plasmas, discharges, planetary

atmospheres and vapor deposition [41]. The large internal energy of the metastable
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atoms also make single atom detection possible [80].

Collisional properties absent in other atomic systems may be present in collisions

involving metastable species due to the large internal energy [81]. This internal energy

is higher than the ionization potential of most known atomic and molecular species

[53]. The lifetime of the noble metastable states are also much longer than typical

collision times in the gaseous phase. Knowledge of the cross sections of the collisions

of metastable states is important for understanding the dynamics and mechanisms of

the collision processes involved [53].

MOTs of noble metastable species provide a state selected pure cold source, unlike

using an atomic beam, where there is also ground state atoms, other excited states,

electrons and UV photons present. Metastable noble gas atoms also provide an in-

teresting test case for various theoretical models as these atoms can be theoretically

related as one electron atoms as the outer electron is highly excited and close to the

ionization level [77].

The longest running group is the Shimizu group in the Institute for Laser Science

and CREST at the University of Electro-Communications in Tokyo. The metastable

neon MOT was created by Shimizu et al. [82]and was the first MOT of a metastable

species. Shimizu et al. not only trapped the 20Ne isotope but also trapped 21Ne

and 22Ne. The trapping of 21Ne was the first demonstration of laser trapping of
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fermion-like particles [82].

In Shimizu’s work, metastable neon is generated by a weak DC discharge and expand-

ing through a hole in the anode [82]. The atomic beam travels through a Zeeman

slower and then an extraction coil. The extraction coil maintains the atomic velocity

to transport the atoms to the trapping region. An opposing coil was situated on the

far side of the trapping region and the combination of the extraction coil and the

opposing coil provided the magnetic component for the MOT. The slowing beam was

counter-propagating to the atomic beam, and reflected from near the source back to

the trap to provide a trapping beam. Two orthogonal sets of standing waves were

used for the transverse trapping beams. All the laser beams are red detuned from

the transition (640.40 nm in vacuum) and circularly polarised. A video camera and

an electron multiplier were used to monitor the trap [82].

A population of approximately 4 ∗ 107 trapped 20Ne atoms is reported as measured

by fluorescence measurements [82]. This was improved to approximately 108 atoms

as well as improvements to the populations for the other isotopes with some changes

to the apparatus [83]. An optical collimator was added near the Ne* source where

two perpendicular pairs of curved mirrors were used to direct multiple passes of the

trapping laser beams transverse to the atomic beam to provide transverse cooling of

the Ne* atoms and improve the beam brightness thus decreasing the loading time of

the MOT. The optical collimator also curved the path of the Ne* in the 3P2 state
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around the bend in the apparatus. This process separated the 3P2 metastable state

from the other components of the atomic beam. The trapping laser arrangement was

also improved to increase the trapping ratio. Including the laser beam on axis with

the magnetic field to provide the slowing of the atomic beam, the trap is formed by

four laser beams in a tetrahedral configuration [83]. This four beam trap configuration

was experimentally convenient, provided a high capture ratio of the decelerated atoms

and was found to be almost as stable as the conventional six orthogonal beam trap

configuration.

The Shimizu group used the metastable neon trap to produce beams of very slow

Ne* for a variety of experiments. The beam is produced by optically pumping (with

a 598 nm laser beam) some of the trapped atoms into the 3P0 metastable state that

are not sensitive to the trapping forces thus producing a beam of cold 3P0 metastable

neon [84]. This was first introduced looking at double slit interference with ultracold

metastable neon atoms [84]. This technique was further used to investigate holo-

graphic manipulations of cold atomic beams [85][86][87]. Two atom correlations were

studied using this cold Ne* beam [88]. Elements of atom optics were also investigated;

the electrostatic lens [89], reflection from a solid surface by cold Ne* [90] a diffraction

grating [91] and a Fresnel diffraction mirror [92].

A further trap has been constructed at Eindhoven University of Technology in Eind-

hoven, with the aim of producing a Bose-Einstein condensate (BEC) of metastable
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neon [93][94][95][96][97][98]. The experimental realisation of BEC phase transition,

requires suitability of the trap species for evaporative cooling.

The Eindhoven experiment utilised a liquid nitrogen cooled DC discharge source

feeding into a series of beam brightening components and a midfield-zero Zeeman

slower which feeds into the MOT. A collimator consisting of a two-dimensional optical

molasses formed by two pairs of near parallel mirrors and zigzagging a laser beam

down each pair of mirrors to simulate curved wavefronts [99], is situated close to the

source. Immediately following the collimator is a transverse cooling stage to reduce

the divergence of the atomic beam. There are two transverse cooling stages in the

apparatus with the second one situated between the two solenoids of the Zeeman

slower. The transverse cooling stages are formed by using in-vacuum mirrors, such

that a single linearly polarised laser beam produces a two dimensional optical molasses

[100]. Between the Zeeman slower and the trap, is the magneto-optical compressor

(MOC). The MOC is a two-dimensional MOT. The magnetic field increases along the

atomic beam axis in this region as part of the MOC. A circularly polarised laser beam

is used along with in-vacuum mirrors to create the σ− and σ+ polarised beams needed

by the MOC for its 90 mm long interaction region. At the far end of this region the

magnetic field is provided by four permanent neodymium iron boron magnets [100].

The MOT consists of three orthogonal retro-reflected beams, one horizontal, the two

others at 45◦ to the atomic beam. There is a seventh trapping beam, the slowing
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beam, which also passes through the trapping region. A pair of anti-Helmholtz coils

provide the quadrupole field required by the MOT. Modelling of this seven beam

MOT has been performed by this group and has shown to be a good match to their

experimental data [95]. The atoms in the MOT are then transferred to the clover-leaf

magnetic trap. This apparatus has produced the largest Ne* MOT population of

9× 109 atoms [95].

In conjunction with personnel from Griffith, Eindhoven have performed investigations

of the photoionization cross section of the 3D3 state of neon at the wavelengths of 351

and 364 nm [68]. Using a technique developed by Dinneen et al. [67] for rubidium,

the photoionization cross sections were measured by monitoring the trap decay with

the presence of the photoionizing laser beam passing through the trap for various

photoionization laser intensities. Photoionization of a cloud of trapped atoms is used

to produce an ultracold plasma and can be the source of cold electron beams or cold

ion beams [101][102]. The work measuring the photoionization cross section provided

part of the basis for the technique developed in this thesis.

Another metastable neon MOT project with a focus towards the creation of a BEC

began at the Institute for Quantum Optics at University of Hannover with Wolfgang

Ertmer and Gerhard Birkl, has now moved with Birkl to The Institute for Applied

Physics at Technische Universität Darmstadt, also in Germany. The setup of this



1.4. OTHER METASTABLE NEON MAGNETO-OPTICAL TRAPS 27

experiment includes the liquid nitrogen cooled Ne* DC discharge source and collima-

tion after the source is achieved using transverse two-dimensional laser cooling. The

collimated atomic beam is slowed by laser cooling as it passes through the Zeeman

slower to the magneto-optical trap configured in a six beam arrangement (coils are

also present to provide the quadrupole magnetic field) [103]. From the MOT, the

cold atoms are loaded into the magnetic Ioffe-Pritchard trap [81]. Detection is again

performed by a CCD camera and a multichannel-plate detector (MCP) which can

detect metastables or charged particles. An electrostatic grid in front of the MCP

allows the discrimination between these products.

A precision measurement of the lifetime of the metastable 3P2 state of neon as

14.73(14) s was performed by Zinner et al. [103] by measuring the decay in fluo-

rescence of the trapped atom cloud of the Ne* MOT at Hannover. This measurement

was made possible by the very low background pressure of < 5× 10−11 mbar in their

system. Despite this low background pressure, it must still be considered in these

measurements. To account for the pressure, decay measurements were made for van-

ishing background pressures and a linear dependence of the decay on the background

pressure was observed. These changes in pressure where actualised by heating and

cooling a section of the vacuum chamber [103]. Consideration was also made of the

fraction of the trap population being in the excited 3D3 state of the cooling transition.

To extrapolate the result to a zero excited state fraction, the decay rate was measured
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for different steady state excited state populations of the trap.

Important measurements in the quest for BEC are the elastic and inelastic two body

collision cross sections of the cold spin-polarised atoms or the thermalisation cross

section. The elastic collision rate is measured using cross dimensional relaxation

measurements. The temperature of the trap and the elastic collision rate are used

to determine the scattering length. The atom losses of the magnetic trap are a

combination of one body losses which are the background gas collisions, and the

losses from the de-excitation of Ne* and two body losses. These can be determined

from the decay curve of the trap population. The two body losses yield the inelastic

collision rate. The inelastic collision rate was shown to be suppressed compared to

non polarised atoms by a factor of 38 for 20Ne* proving the suppression is provided by

the spin polarisation [81]. The data from these measurements was used by Mogendorff

et al. [93] to calculate the scattering length and the feasibility of Ne* BEC.

1.5 Scope of this Thesis

Chapter two will begin by exploring the trapping species in question in the work,

metastable neon. This chapter will then continue into the theory of the laser cooling

as well as the MOT. The apparatus used for this work at Griffith University will

then be described in detail in chapter three. Chapter four will deal with the collision
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cross sections including a background to the work, the experimental protocol of the

measurements and the results from this work. Future directions and conclusions will

finish this work in chapter five.



Chapter 2

Theory - Laser Cooling and

Trapping

2.1 Neon

In 1898, Sir William Ramsay and Morris W. Travers discovered neon by fractional

distillation of liquid argon and confirmed their discovery by spectroscopy [104]. This

was only made possible by Linde’s work in liquification of air. Sir William Ramsay

was awarded the Nobel Prize in Chemistry in 1904 for his discovery of four of the

noble gases (argon, neon, krypton and xenon) [105].

While Mendeleev did not make a place for the noble gases when he created the

30
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periodic table [106], the discovery of helium (first by spectral lines of the sun) and

later argon suggested the existence of other noble gases. Krypton was discovered next

and within six weeks three noble gases had been discovered; neon then xenon all by

the same techniques.

The first neon tube was created in 1910 in France by Georges Claude but their

commercial prevalence did not occur until after world war one. This then lead to

making other coloured tubes by using combinations of gases and later also phosphorus

coated tubes.

Neon is a noble gas with an atomic number of 10 and occupies group 18 in the

periodic table. This group of elements were considered inert but some reactions of

these species have been discovered [107][108][109][110][111]. Its ground state electron

configurations is 1s22s22p6. Neon has three naturally occurring isotopes: Neon-20

provides 90.92 %, Neon-22 8.82 % and the remaining 0.26 % is Neon-21 [104] giving

an atomic mass number of 20.1797 [27]. There are a further 14 short lived radioactive

isotopes of neon which are not present in natural samples due to their short half lives.

The longest half-life being 3.38 minutes and the shortest being less than 260 ns [112].

Neon’s low boiling point at 27.1 K occurs due to the low dispersion forces between

the atoms and the lack of other inter-atom forces [106].
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2.1.1 Metastable Neon

Metastable states arise when the transition to the ground state is forbidden by both

the orbital and spin selection rules [113]. If the transition is forbidden by orbital rules

alone it is still a metastable state but it will not be as long lived as a doubly forbidden

transition. These metastable states eventually relax back to the ground state by a

mechanism other than the emission of a single photon, for example by either collisional

de-excitation or two photon transition. The only other mechanism open to the 3P2

metastable state is that of spin-dependent magnetic-quadrupole radiation [114]. Neon

has two metastable states; as seen in figure 2.1; the 3P2 state and the 3P0 state for

which the transition to the 11S1 ground state is dipole forbidden. The first of these

is used for laser cooling. The 3P2 metastable state of neon has a lifetime of τ=14.73

s [103].

To create Ne atoms in metastable states either a cascade decay from a higher state

or collisional excitation by particles (with a suitable energy) may be used. In this

apparatus, collisional excitation within a gas discharge is used to create the metasta-

bles. The efficiency of gas discharge sources to yield metastables is quite low at less

than 0.1% [115], however since the ground state noble gas atoms are inert they do

not interfere with the experiment despite the dominance in population.

The coupling of the angular momentum in ground state of neon can be described
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Figure 2.1: Energy level diagram for neon
Energy level diagram for the ground, first and second excited states of neon showing

the metastable levels and the closed transition used in laser cooling.
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using the Russell-Sanders or the LS coupling scheme. This scheme is based on the

assumption that the spin-orbit coupling is weak [116]. The orbital angular momentum

couples to give a resultant L and the quantum number S is the result of the coupling

of the spin angular momentum. Finally the coupling of L and S give the total angular

momentum J . In this coupling scheme the ground state of neon is 1S0.

The Russell-Sanders coupling does not provide an accurate description of the excited

electronic states of neon due to the strength of the spin-orbit interaction in these

states [117]. Instead it is described using j` coupling [77]. The first excited state

of neon where an electron from the 2p orbital is promoted to the 3s orbital has the

electron configuration of 1s22s22p53s1. The isolation of the excited electron in the 3s

orbital causes a spatial separation between this excited electron and the hole left in

the 2p orbital due to the relative shapes of the orbitals. This results in the valence

electron coupling separately to the core of the atom. The core is well described by

LS coupling and these couple to form j. Then this is coupled to the orbital angular

momentum ` of the valence electron yielding the angular momentum K. Coupling

K to the spin angular momentum s of the valence electron gives the total angular

momentum J . In this coupling scheme the states are described by 2S+1Ljn`[K]J ,

where the principle quantum number of the valence electron is n. Collision studies

have shown that the particular excited states of interest in this work; the (3s)3P2 and

the (3p)3D3 state are adequately described by the LS coupling scheme [118] justifying
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the use of Russell-Sanders notation in this work.

The valence electron and the hole (in the p orbital) couple like two electrons in LS

coupling to produce triplet 3P0, 3P1,3P2 and the singlet 1P1 states. The energies of

the resultant triplet states is inverted from what would be expected in the case of

two electrons [114]. Only the 3P0 and 3P2 are truly metastable [77]. The metastable

character of these two states can be determined by looking at the state’s total angular

momentum quantum number J with regard to selection rules. The ground state 1S0

has a angular momentum quantum number J = 0, where as the two metastable states

have angular momentum quantum numbers of J = 0 and J = 2 respectively. An

electric transition between these metastable states and the ground state is forbidden

by selection rules [119].

Excitation of the valence electron to the second excited state yields an electron config-

uration of 1s22s22p53p1. Like for the first excited state, the electron and hole couple

to produce triplet states 3D3, 3D2, 3D1 and a singlet state 1D1. The metastable state

3P2 is the state used in the work as an effective ground state for the laser cooling

since ground state neon does not have any useful transitions for laser cooling [82].

The cooling transition between the (3s)3P2 metastable state and the (3p)3D3 state

has a vacuum wavelength of 640.40 nm [77] as seen in the energy level diagram in fig-

ure 2.1. From the 3D3 state, due to the same selection rule limitation on the angular

momentum quantum number J as above, the atom can only decay back to the 3P2
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state. The result is that this is a “closed transition” which is ideal for laser cooling.

2.2 Laser Cooling

2.2.1 The Scattering Force

Laser cooling of neutral atoms relies on the scattering force. The momentum and

energy from resonant photons is transferred to the atoms upon absorption. This

now excited atom can decay back to the original state by one of two methods; a

second photon can be scattered from the atoms causing stimulated emission where

the atoms produces, in its decay, an identical photon to the scattered one. This cycle

of absorption then stimulated emission does not slow the atom since the momentum

transfer is zero. The second possible decay process is spontaneous emission. In this

process the excited atom decays by emitting a photon of the correct energy in a

random direction over 4π steradian solid angle. Over sufficient cycles the momentum

kick from the random direction of the spontaneously emitted photon averages out to

zero leaving the atom with the momentum from the absorption processes [120]. In

laser cooling the orientation of the laser beam is counter-propagating to the atomic

beam so that the momentum kick from the resonant photons is in the opposing

direction thus slowing the atoms down or cooling them in this dimension. These
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processes are represented in figure 2.2.

The scattering force on the atoms as a result of these photon-atom interactions will

be the photon momentum from the absorption, given by h̄k, where k is the wave

vector of the absorbed photon, multiplied by the scattering rate,ξ, [120]

F = h̄kξ (2.1)

The maximum value of the scattering rate is given by half the decay rate of the excited

state Γ ( ξ = Γ
2
) as the populations in the upper and lower levels of the transition

approach half. The maximum force provided by these conditions can be given as;

Fmax = h̄k
Γ

2
(2.2)

The expression for force in equation 2.2 only applies with near resonant light more

powerful than the saturation intensity. To examine the more general case with an

arbitrary detuning and intensity, the scattering rate is given by [27]

ξ = Γρ22 (2.3)

where ρ22 is the excited state fraction which at intensities much larger than saturation

tends to a half, for other parameters the expression can be derived from the optical
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Figure 2.2: Representation of the three resonant photon atom interactions involved
in laser cooling. The first process is absorption of a photon by an atom. Once this
atom has absorbed the photon it can return to the ground state by either stimulated
or spontaneous emission. It is the absorption, spontaneous emission cycle that gives
a net cooling force.
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Bloch equations and is given by [27]

ρ22 =
Ω2

4

∆2 + Ω2

2
+ Γ2

4

(2.4)

where Ω is the Rabi frequency and the laser frequency detuning is ∆, and is given by

∆ = ωL − ω0 −∆ωDoppler (2.5)

where ωL is the laser frequency, ω0 is the transition frequency and ∆ωDoppler is the

contribution from the Doppler effect given by

∆ωDoppler = k · v (2.6)

where v is the velocity of the atom. For a given atomic transition the Rabi frequency

Ω is the strength of the coupling between the electric field of the light and the induced

dipole moment of the transition [121].The saturation parameter s = I
I0

, the ratio of

the laser intensity I and the saturation intensity of the transition I0. The saturation

intensity is the resonant light intensity for an atom to spend 1
4

of the time in the

excited state of the transition [3]. The Rabi frequency Ω can be expressed in terms

of the saturation parameter and the decay rate of the excited state of the transition

viz.:

Ω = Γ

√
s

2
(2.7)
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Combining equations 2.3, 2.4, 2.5, 2.6 and 2.7, the expression for the scattering force

becomes

Fscattering = h̄k
Γ

2

[
s

Γ2 + 4(ωL − ω0 − k · v)2 + sΓ2

]
. (2.8)

2.2.2 The Dipole Force

The scattering force is a result of the momentum gained from the absorption of

incident light. When light is refracted, a resultant dipole force arises. The dipole,

or gradient force, arises from absorption then stimulated emission processes. This

force is directed along the intensity gradient of the laser beam and is thus related to

conservative optical processes. Depending on the detuning of the laser frequency, this

force can either pull the atom in or push the atom out of the laser beam [30]. In red

detuned light, atoms are high field seeking whereas for blue detuned light, atoms are

low field seeking. For a far red detuned laser beam the minima is found at the beam

waist of a TEM00 beam. The reverse is true for blue detuned light where the centre

of a hollow beam or TEM01 beam would provide a suitable potential well [3]. Optical

traps rely on the application of the dipole force. The dipole force can also be applied

on larger scales and is the principle force used within optical tweezers where micro-

sized dielectric particles can be held and controlled. Particles with higher refractive



2.2. LASER COOLING 41

indices than the surrounding medium are described as being high field seeking thus

seeking the focus of the laser beam, whereas the opposite is true for lower refractive

index particles [27].

The dipole force on an atom is induced by an inhomogeneous light field. The satura-

tion parameter s(r) used as a vector quantity can describe the inhomogeneous light

field adequately. In comparison to the equation for the scatting force in equation 2.8,

the dipole force is expressed as [30]

Fdipole =
−1

2
h̄(ωL − ω0 − k · v)

[
Γ2∇s(r)

Γ2 + (ωL − ω0 − k · v)2 + s(r)Γ2

]
. (2.9)

The optical scattering force is dissipative and as such can be used to cool but is

limited by the rate of spontaneous emission and cannot be made arbitrarily strong

[77]. The dipole force does not saturate as it is not limited by the requirement for

spontaneous decay, therefore can be made large by using high intensity light. As the

force is conservative, it cannot be used to cool a sample of atoms but can be used to

trap already cooled atoms [77].

2.2.3 Zeeman Slowing an Atomic Beam

The light scattering force as already discussed is used to laser cool atoms. The

counter-propagating laser and the atomic beam are shown in figure 2.3. As the atoms

slow, the laser beam detunes out of resonance with the cooling transition of the atoms
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Figure 2.3: Orientation of the slowing laser to the atomic beam

due to the Doppler effect. To circumvent this problem there are two main solutions;

the first of these is chirp cooling where the laser frequency is rapidly scanned so the

changing detuning matches that required by the atoms as they slow. Chirp cooling

results in a continuous atomic beam with the cooled atoms arriving in pulses [122].

The second technique is that of utilizing the Zeeman effect [13]. Along the axis of

the atomic beam is a tapered solenoid which produces a magnetic field designed to

perturb the atomic energy levels to keep the transition frequency in resonance with

a red detuned slowing beam.

The tapered solenoid or Zeeman slower [13] is designed so that the magnetic field

produced matches the Doppler shift of the slowing atoms to maintain resonance for

laser cooling so the atoms can continuously decelerate. As a function of distance x

from the origin the velocity of the atoms as they decelerate can be given by

v(x) = v0

√
1− 2ax

v2
0

(2.10)

where a is the deceleration of the atom and v0 is the initial velocity of the atoms at

x = 0. Combining the Doppler effect in equation 2.6 with equation 2.10 yields the
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Doppler shift as a function of position:

∆ωDoppler = kv(x) = kv0

√
1− 2ax

v2
0

. (2.11)

The Zeeman effect of a magnetic field B on the energy levels of the atom results in a

shift of

∆E = gJµBBmJ (2.12)

where gJ is the Landé g factor for the energy level, µB is the Bohr magneton and mJ

is the magnetic projection quantum number. Equation 2.12 can be then expressed as

∆ωZeeman =
gJµBBmJ

h̄
(2.13)

Equating equations 2.11 and 2.13 and rearranging for the magnetic field B yields

B(x) =
h̄kv0

gJµBmJ

(1− 2ax

v2
0

)
1
2 . (2.14)

This is the form of the magnetic field required from the Zeeman slower for continual

deceleration of the atoms as seen in figure 3.4 and is capable of bringing the atoms to

a complete stop at the end of the Zeeman slower. Experimentally the magnetic field

is modified (either by Zeeman slower design, an additional coil or adjustment to the

laser frequency) so the atoms don’t reach a complete stop but a minimum velocity

that facilitates the loading of the trap.
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2.2.4 Atomic Diffusion

The divergence of an atomic beam is a result of the constituent atoms having a

velocity not just in the direction of the beam axis but also perpendicular to the beam

axis. During laser cooling, the atomic beam’s divergence will increase due to the

reduction in velocity of the atoms parallel to the beam axis whilst there is no change

in the perpendicular component of the velocity.

Spontaneous emission will also increase the transverse velocities and will lead to trap

heating. Spontaneously emitted photons that are part of the scattering force are

emitted in purely random directions and although will sum to an overall change in

momentum of zero, the individual random kicks of momentum cause a Brownian

motion like path for the atoms. The step size in this random walk is that of the

photon momentum h̄k [120]. This random walk effect is especially pronounced in

cooled samples of atoms where the momentum recoil from a spontaneous emission is

comparable with the atom’s momentum.

These transverse velocities, which are not slowed, will lead to an overall loss of cooled

atoms by two mechanisms. The first mechanism occurs in the atomic beam where the

highly divergent atoms fail to make it to the trapping chamber as their divergence

will remove them from the region of the slowing laser beam. In this experiment the

beam is further limited by conductance apertures along the experiment to stop these
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divergent atoms contributing to the background pressure of the trapping chamber.

The second mechanism is the contribution of the transverse velocity on the atom’s

total velocity. If the atom’s velocity is greater than the trap’s capture velocity, these

atoms will not be trapped. Furthermore diffusion can “walk” the atoms out of the

region of an optical molasses.

2.2.5 Optical Molasses

In laser cooling, one laser beam is used to decelerate an atomic beam in the direction

of the laser beam. Consider adding an additional laser beam counter propagating

along the same axis. Both laser beams are red detuned (below the atomic resonance)

and circularly polarised. This arrangement provides what is termed as an optical

molasses. For a stationary atom, the forces provided by the optical molasses will

cancel, however for an atom in motion, the Doppler effect provides an imbalance in

these forces. As the atom moves towards one of the red detuned laser beams, the

photons from that laser will Doppler shift (towards blue) into resonance with the

atom (as in the laser cooling described above). The laser beam the atom is moving

away from will be red shifted further out of resonance with the atom. Photons will

be preferentially absorbed from the beam closer to resonance with the atom (which

is the beam opposing the atom’s motion). This preferential scattering will slow the

atom. Mathematically this force can be expressed by combining the expressions for
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the scattering forces from each laser beam [123].

FOM = h̄k
Γ

2

[
s

Γ2 + 4(ωL − ω0 − k · v)2 + sΓ2
− s

Γ2 + 4(ωL − ω0 + k · v)2 + sΓ2

]
(2.15)

If the atom’s velocity is small such that k.v � ωL − ω0 and making the assumption

that the light field is weak so that stimulated emission is not important i.e. the laser

intensity is much less than saturation intensity (s� 1) the force can be approximated

by [123]

FOM =

[
8h̄k2s(∆/Γ)

[1 + (2∆/Γ)2]2

]
v = αv (2.16)

At these low velocities in an optical molasses the atom feels a dampening force given

by a dampening coefficient α. It is this dampening force and the analogy that it is

like a particle in a viscous fluid which lead to the name of optical molasses being

given by Chu et al. whom first demonstrated the effect [18].

The force on the atom from the optical molasses, as expressed in equation 2.15, for

various atomic velocities can be seen in figures 2.4, 2.5, 2.6 and 2.7. The solid line

on the graphs represents the total force on the atoms where the dotted lines are the

force from each laser beam. When the Doppler shift matches the detuning of the
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Figure 2.4: Scattering force on an atom in a one dimensional optical molasses with
an atomic velocity of 2 m/s. The dashed lines are the force from each laser beam and
the solid line is the sum of the forces from both laser beams.

Figure 2.5: Scattering force on an atom in a one dimensional optical molasses with
an atomic velocity of 5 m/s. The dashed lines are the force from each laser beam and
the solid line is the sum of the forces from both laser beams.
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Figure 2.6: Scattering force on an atom in a one dimensional optical molasses with
an atomic velocity of 10 m/s. The dashed lines are the force from each laser beam
and the solid line total force from both laser beams.

Figure 2.7: Scattering force on an atom in a one dimensional optical molasses with
an atomic velocity of 25 m/s. The dashed lines are the force from each laser beam
and the solid line is the total force from this one dimensional optical molasses.
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laser beams a maximum in the force occurs for the positive detuning and a minimum

for the negative detuning and this can be observed in these graphs.

For cooling to occur, the laser beams are red detuned from the atomic transition.

The optical molasses’ force is negative in this instance as the atom is resonant with

the laser opposing the motion, making the resultant force against the atom’s motion.

In the graphs shown above in figures 2.4, 2.5, 2.6 and 2.7, it can be seen at small

velocities, the forces from the two laser beams are quite similar and the resultant

optical molasses force on the atom is small. As the velocities increase the resultant

force increases. At larger velocities, the co-propagating laser is completely out of

resonance so the atom only interacts with the counter propagating laser beam and

there is a larger resultant optical molasses force. This force thus saturates at a

maximum given by the single opposing laser beam (as in laser cooling).

The cooling described is limited to one dimension and to cool in all three dimensions,

the optical molasses is required along the three orthogonal axes.

2.3 Magneto-Optical Trapping

A three dimensional optical molasses cannot create a trap as there is no spatial

confinement. An optical molasses provides a force proportional to the atom’s velocity
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so a stationary atom feels no net force. By adding a spatially dependent potential in

the form of a quadrupole magnetic field to the optical molasses, a trap can be formed

where the force is also position dependent. This quadrupole magnetic field is provided

by a pair of coils with opposing currents (in an anti-Helmholtz configuration). This

magnetic field does not confine the atoms like a magnetic trap, but induces Zeeman

shifts to create imbalances in the scattering forces of the laser beams and the resultant

force is position dependent [120].

Recall the Zeeman effect on an atomic energy level described in equation 2.12

∆E = gJµBBmJ (2.17)

where gJ is the Landé g factor for the energy level, µB is the Bohr magneton and mJ

is the magnetic projection quantum number. The Zeeman effect on the corresponding

optical transition energy is then

∆Etran = µmB = (gJ ′mJ ′ − gJmJ)µBB (2.18)

The primes indicate the variables for the excited state of the transition, and unprimed

are the variables for the ground state of the transition. The effective magnetic moment

of the transition is given by µm. The quadrupole magnetic field from anti-Helmholtz

coils produce to a good approximation; a magnetic field that varies linearly, with the

magnetic field gradient G, of the form B(x) = Gx. The transition frequency with the

additional magnetic field is expressed as
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ω0MOT = ω0 +
µm
h̄
Gx (2.19)

The force of the magneto-optical trap (MOT) in one dimension can be now found

by including equation 2.19 into the expression for the force in an optical molasses

equation 2.15.

FMOT = h̄k
Γ

2

[
s

Γ2 + 4(ωL − ω0 − µm
h̄
Gx− k · v)2 + sΓ2

− s

Γ2 + 4(ωL − ω0 + µm
h̄
Gx+ k · v)2 + sΓ2

] (2.20)

Equation 2.20 only holds for a J = 0 → J = 1 transition to allow the atom to

be treated as a two level system. A specific set of polarisations is also required to

complete the MOT. While an optical molasses can work with a variety of polarisation

arrangement, for a MOT circularly polarised laser beams of opposite handedness is

required. Figure 2.8 shows the principle of how the required polarisation combines

with the energy level shifting as a result of the Zeeman effect.

In figure 2.8 from the negative x direction the trap is illuminated with σ+ polarised

light and the σ− polarised light propagates from the positive x direction. The laser

beams, apart from polarisation, are identical and collimated with a low intensity and

are red detuned from the atomic transition. Consider an atom at x > 0 position in the

J = 0,mJ = 0 state. Due to the Zeeman shift in this position, the transition energy

from J = 0,mJ = 0 to J = 1,mJ = −1 is less than the energy between J = 0,mJ = 0

and J = 1,mJ = 1. The laser beams are red detuned so the lower energy transition is
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Figure 2.8: The position dependent radiation force in a MOT
The principle of the position dependent radiation force in a MOT. Section (a) shows

the linear magnetic field and the circular polarisation of the laser beams. Section
(b) illustrates the corresponding Zeeman splitting of the magnetic sub-levels and

preferential absorption of the circularly polarised laser beams based on the selection
rules for transitions between magnetic sub-levels.
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closer to resonance and this leads to the atom preferentially absorbing photons from

the σ− beam. This will force the atom towards the trap center. Likewise on the other

side of the trap (x < 0) the atom will absorb more σ+ photons than σ− photons thus

feeling a net force in the positive x direction. The further from the trap (within the

region of the laser beams and the linear magnetic field) the more the scattering force

of one polarisation increases as the magnetic field increases.

Equation 2.20 has contributions from each laser beam as was the case when describing

the optical molasses. For the two beams the Doppler shift is equal in magnitude

yet opposite in sign, as is the Zeeman shift in this arrangement. In combination

with the circularly polarised laser beams this leads to the preferential absorption of

either σ+ or σ− photons. At the zero point in the magnetic field, there is no Zeeman

splitting defining the origin of these arrangements. This principle is extended to three

dimensions to create a MOT, with three sets of perpendicular counter-propagating red

detuned laser beams and the anti-Helmholtz coils providing the quadrupole magnetic

field for the three dimensions [23].

For low velocities and small displacements from the trap center, the Doppler and

Zeeman shifts are small compared to the laser detuning and the force can be written

as [77]

FMOT = −αv − κx. (2.21)



54 CHAPTER 2. THEORY - LASER COOLING AND TRAPPING

Equation 2.21 describes the dampened motion of the atoms in the trap with the

first term in equation 2.21, αv, the dampened motion of the optical molasses seen in

equation 2.16. The spring constant κ provides the restoring force of the trap or the

dampening in position space as opposed to the velocity space of the optical molasses.

The spring constant is given by [77]

κ =
8ks(∆/Γ)µmG

[1 + (2∆/Γ)2]2
. (2.22)

The form of a dampened harmonic oscillator can be seen in equation 2.21. Where m

is the mass of the atom, the dampening rate of the trap is given as

ΓMOT =
α

m
. (2.23)

The oscillation frequency is given as

ωMOT =

√
κ

m
(2.24)

For typical trap parameters this leads to overdamped motion. The dampening time,

t, of this motion is given as

t =
2α

κ
(2.25)

Restoring times to the centre of the trap of the order of several ms are typical for

average trap parameters [77].
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Figure 2.9: An example of a scattering experiment.

2.4 Collision Theory

This work focuses on using laser cooling and trapping as a tool to perform collision

experiments between the trapped metastable neon atoms and several different atomic

and molecular species. Low energy collisions between neutral atoms or molecules in

their electronic ground state as in this work are described by the standard scattering

theoretical methods in terms of well-characterized interatomic interactions [124].

2.4.1 Collision Cross Sections

Consider a system with a beam of incident particles A with a flux J directed towards

the target particles B as shown in figure 2.9. Some of the incident particles will not be

scattered and will thus continue unaffected in the Z direction. Other incident particle

upon interacting with the target particles will be scattered. In the arrangement shown

in figure 2.9 particles are scattered towards a detector subtended by a solid angle dΩ,
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where dΩ = sin θdθdφ. If the number of particles falling on the detector per unit time

is dN then [116]

dN ∝ JdΩ (2.26)

In this equation 2.26 the constant of proportionality is the differential cross section

dσ
dΩ

so

dN =
dσ

dΩ
JdΩ. (2.27)

The collision cross section σ is the quantity usually measured in collision experiments.

A cross section for a certain type of event in a given collision is defined as the ratio of

the number of such events per unit time per unit scatterer N , to the flux of incident

particles with respect to the target J [125].

σ =
N

J
(2.28)

If the scattering is into a particular direction, as the example in figure 2.9 and equa-

tions 2.26 and 2.27, then a differential cross section dσ
dΩ

is measured. This is defined as

the ratio of particles scattering in that direction, per unit time, per unit solid angle,

per unit incident particle flux. The integral cross section is the total scattering cross

section over all angles. This is obtained by integrating the differential cross section

as in equation 2.29.
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σ =

∫
dσ

dΩ
dΩ =

∫ π

0

∫ 2π

0

dσ

dΩ
sin θdθdφ (2.29)

Collision cross sections have the dimensions of area and represent an effective area

presented to the incident beam for the particular type of scattering [116].

It is assumed that the experimental conditions are designed such that each collision

is an independent event [125]. This requires that (a) the incident atoms are not so

intense or dense that they interact with each other. (b) Multiple scattering of one

incident atom by several target atoms is also assumed to not occur for the collisions

to remain independent and is achieved by having the target sufficiently thin. Finally

(c) the assumption that there is no interference between the waves scattered by each

of the target atoms [116].

2.4.2 Channels

When an incident particle A collides with a target particle B several processes can

occur. The first we shall consider is elastic scattering. This is where the two particles

are scattered without a change in their internal structure.

A+B → A+B (2.30)
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The second scattering process to be considered is inelastic scattering. In inelastic

collisions kinetic energy is not conserved and either one or both of the particles

undergo a change of their internal quantum state, for example

A+B → A+B∗ (2.31)

where * indicates an excited state, although not necessarily a metastable state. There

are also reactive collisions which include ionization collisions. The collision products

are different from the incident particles.

A+B → C +D (2.32)

Due to generally unreactive nature of noble gases, reactive collisions in this work are

limited to the chemi-ionization processes available to metastable neon as introduced

in equations 1.1, 1.2, 1.3, 1.4 and 1.5. Of these processes, Penning ionization is

dominant.

A channel, in the context of scattering, is a possible mode of fragmentation of the

system [125]. In elastic scattering it is considered that colliding particles remain in

the initial channel. Inelastic and reactive collisions leave from the initial channel to

a different final channel. These collisions are regarded as removing particles from the

initial channel. Energetically accessible channels are called open channels and those

which are not energetically accessible are called closed channels [116]. A total cross

section is over all channels.
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2.4.3 Potential Scattering

Potential scattering involves describing the interaction between colliding particles by

an interaction potential V (r) where r is the separation between the particles. It is

assumed that the potential is spherically symmetric so the particle is exposed to a

central force.

For collisions between neutral atoms, generally the long range potential is dominated

by attractive van der Waals interactions. These interactions can be between dipoles,

a dipole and an induced dipole or between two instantaneous dipoles and have a

potential of the form [126]

V (r) =
−C6

r6
(2.33)

where C6 is the van der Waals coefficient for the particular collision combination. The

Lennard-Jones potential can be used as an approximate potential for the total van

der Waals force and includes the Pauli repulsion at short range [127].

V (r) = 4ε[(
σ

r

12

− σ

r

6

] (2.34)

ε is the depth of the potential well and σ in equation 2.34 is the finite distance at

which the inter-particle potential is zero. These parameters can be determined by

either fit to experimental data or suitable calculations.

Since collisions are typically analysed in the centre of mass frame, we introduce the
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reduced potential U(r) [125]

U(r) =
2m

h̄2 V (r) (2.35)

Collisions are a time-dependant phenomena and the description can begin with using

the time-dependent Schrödinger equation.

HΨ(r, t) = ih̄
∂Ψ(r, t)

∂t
(2.36)

where the Hamiltonian is given as

H = − h̄
2

2µ
∇2 + V (r). (2.37)

Because the scattering potential is real and independent of time, equation 2.36 has

time independent solutions of the form [116]

Ψ(r, t) = ψ(r)e
−iEt

h̄ . (2.38)

The time-independent wave function is the solution of

Hψ(r) = Eψ(r). (2.39)

E is the positive translational energy of the particle defined as

E =
p2

2m
=
h̄2k2

2m
=

1

2
mv2. (2.40)

In low energy scattering, the solution to Schrödinger equation is the sum of an incident
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wave ψinc and a scattered wave ψsc [125].

ψ(r) = ψinc(r) + ψsc(r) (2.41)

The monoenergetic incident wave, traveling parallel to the z axis, can be represented

by a plane wave

ψinc(r) = Aeikz. (2.42)

A is an arbitrary normalization constant and k is the wave vector such that

k =
2µE

h̄2 =
νµ

h̄
. (2.43)

The kinetic energy of the particles is given by E, the relative velocity of the particles

is ν and the reduced mass µ of the colliding species, with masses m1 and m2 is given

by

µ =
m1.m2

m1 +m2

. (2.44)

Technically a plane wave is infinite in the transverse direction however any real beam

has a finite transverse width. For the purposes of the scattering region the typical

beam widths of the order of 1 mm to 1 cm are sufficiently large for the incident wave

function to be described accurately by a plane wave [125].

The scattered wave, far from the scattering region can be written as a outgoing

spherical wave of the form

ψ = Af(k, θ, φ)
eikr

r
(2.45)
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where f is the scattering amplitude and contains the anisotropy of the scattering event

[116]. The condition of being measured far from the scattering region corresponds

to experimental conditions as any detector will be at a very large distance compared

with atomic distances [125]. Thus the total wave function is

ψ ∼= A[eikz + f(k, θ, φ)
eikr

r
]. (2.46)

The flux density J is used to obtain the cross section and is defined as [125]

J =
h̄

2µi
[ψ?(∇ψ)− (∇ψ?)ψ]. (2.47)

The gradient operator ∇ can be written in spherical coordinates as

∇ =
∂

∂r
r̂ +

1

r

∂

∂θ
θ̂ +

1

r sin θ

∂

∂φ
φ̂. (2.48)

Applying the gradient operator to equation 2.47, the radial current is [125]

J · r̂ =
h̄

2µi
[ψ?

∂ψ

∂r
− ∂ψ?

∂r
ψ]. (2.49)

By using ψsc from equation 2.45 as ψ in equation 2.49 it can be found that at large

distances from the scattering region, the scattered radial current is [125]

Jsc · r̂ =
|A|2ν|f(k, θ, φ)|2

r2
. (2.50)

To obtain equation 2.50 the higher order terms in 1
r

have been neglected. For the

differential cross section we need to consider the number of particles scattered into the
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detector which is the scattered radial current multiplied by the area of the detector

r ∗ 2dΩ.

dN = (Jsc · r̂)r2dΩ =
|A|2ν|f(k, θ, φ)|2

r2
r2dΩ (2.51)

To obtain the differential cross section, equation 2.51 is combined with equation 2.27

and using the initial flux is J = ν|A|2

dN = J |f(k, θ, φ)|2dΩ =
dσ

dΩ
JdΩ (2.52)

The differential cross section is related to the wave function by the scattering ampli-

tude such that [116]

dσ

dθ
= |f(k, θ, φ)|2. (2.53)

Integrating the differential cross section over the surface of a sphere produces the

integral or total cross section [116]

σtot =

∫
|f(k, θ, φ)|2 sin θdθdφ. (2.54)

2.4.4 Partial Wave Analysis

Calculation of the scattering amplitude allows the cross section to be found [125].

Consider a central potential V (r) which depends only on the magnitude of r. There-

fore the system is symmetric about the z axis and the scattering amplitude depends
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only on θ and not φ. The scattering wave function ψsc is also independent of φ and

can be expanded into a partial wave series of Legendre polynomials P`(x) [125]

ψ(k, r, θ) =
∞∑
l=0

R`(k, r)P`(cos θ). (2.55)

The radial functions R`(k, r) are coefficients for the different polynomials. Using the

reduced potential in equation 2.35 the radial functions satisfy

[
d2

dr2
+

2

r

d

dr
− `(`+ 1

r2
− U(r) + k2]R`(k, r) = 0 (2.56)

Equation 2.56 can be simplified by the introduction of the new radial functions [125]

u`(k, r) = rR`(k, r) (2.57)

which gives

[
d2

dr2
− `(`+ 1

r2
− U(r) + k2]u`(k, r) = 0. (2.58)

The solution for the radial equations is found by linear combinations of spherical

Bessel and Neumann functions [125] and the scattering amplitude is given as

f(k, θ) =
1

2ik

∞∑
l=0

(2`+ 1)(e2iδ`(k) − 1)P`(cos θ). (2.59)

δ`(k) are the phase shifts of the scattered waves with respect to the incident par-

tial waves. The phase shifts are dependent on the potential V (r) and are generally
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obtained by numerical methods. From equation 2.59 the total cross section is given

by

σtot(k) =
4π

k2

∞∑
l=0

(2`+ 1) sin2 δ`(k) (2.60)

Each partial wave cross section σ`(k) is given by [125]

σ`(k) =
4π

k2
(2`+ 1) sin2 δ`(k). (2.61)

The maximum contribution to the total cross section which each partial wave can

make is [125]

σmax` (k) =
4π

k2
(2`+ 1). (2.62)

Equation 2.60 using equation 2.61 can be written as

σtot(k) =
∞∑
l=0

σ`(k). (2.63)

The method of partial waves is most advantageous when only a small number of

partial waves are needed to describe the scattering. This is the scenario for low

incident energies as in this work.

To consider the effect of low incident energies we introduce the effective reduced

potential Ueff (r) that occurs in equations 2.56 and 2.58 [125]

Ueff (r) = U(r) +
`(`+ 1)

r2
. (2.64)

In the effective reduced potential, `(`+1)
r2 is the centrifugal barrier term. As ` increases

the barrier becomes larger and the incident particle requires more energy to overcome
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it. At low energies it is expected only a few partial waves are required to describe

the the interaction and ` quickly increases the barrier beyond the energies available

[125].

At sufficiently low temperatures, the kinetic energy in a collision is below the threshold

of the ` = 1 rotational barrier and the only the ` = 0 partial wave contributes. This

regime is known as s-wave scattering. Its description is the same as for scattering

from a hard sphere [27]. At this low temperature limit scattering is isotropic and is

described by the hard sphere radius known as the scattering length α which is defined

as [125]

α = − lim
k→0

tan δ0(k)

k
(2.65)

The total cross section becomes a constant in the limit of vanishing relative momen-

tum given by [125]

σtot
−−−→
k → 04πα2. (2.66)

the characteristic van der Waals length r0, is given below, which is the typical extent

of the last bound state of the potential and sets the scale for the s-wave scattering

[128].

r0 = (
2µC6

h̄2 )
1
4 (2.67)

S-wave scattering is applicable when kr0 � 1 which is not the case in this work.

Unlike collisions with He*, where the hole is in an S orbital, and thus the potential is
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spherically symmetric, the hole in Ne* is in a P orbital which leads to geometrically

dependent collisions. In the work of Mogendorff et al. [94] to investigate the scatter-

ing length of Ne*-Ne* collisions, they utilise 5 interaction potentials to describe the

anisotropy of the Ne* potential. These interaction potentials are not however known

accurately enough to definitively predict the scattering length [94]. This anisotropic

potential of Ne* makes accurate theoretical predictions of its collisions challenging

and is beyond the scope of this thesis.

2.4.5 Complex Potentials

The analysis in section 2.4.4 was for elastic collisions. In ionization or reactive colli-

sions, the flux of incident atoms is not conserved in the collision. To include this in

the partial wave analysis a complex potential can be used [125]

V (r) = Vre(r)− iVim(r). (2.68)

The imaginary part of the potential Vim provides a local adsorption of the incident

wave for the particles removed from the incident beam by inelastic processes. The

complex potential requires the introduction of complex phase shifts [125]

δ`(k) = Reδ`(k) + iImδ`. (2.69)



68 CHAPTER 2. THEORY - LASER COOLING AND TRAPPING

Incorporating the complex phase shifts, the total elastic cross section is [125]

σeltot =
π

k2

∞∑
l=0

(2`+ 1)|η`e2iReδ` − 1|2 (2.70)

and the total absorption cross section of the inelastic processes is

σabstot =
π

k2

∞∑
l=0

(2`+ 1)(1− η2
` (2.71)

where η` is the inelasticity or adsorption factor and is given by [125]

η`(k) = e−2Imδ`(k). (2.72)

The total cross section is the sum of the elastic and absorption cross sections [125].

σtot = σeltot + σabstot (2.73)

σtot =
2π

k2

∞∑
l=0

(2`+ 1)[1− η` cos(2Reδ`)]. (2.74)



Chapter 3

The Ne* Magneto-Optical Trap

Apparatus

3.1 Overview

The main apparatus for the cooling and trapping of metastable neon can be seen

in figure 3.1. The metastable neon beam is produced by a gas discharge source

which utilizes an electronic discharge to excite a fraction of the neon gas to the 3P2

metastable state. The gas discharge source is cooled by liquid nitrogen to reduce the

initial velocity of the atoms. The resultant atomic beam is a mix of the 3P2 metastable

state, other excited states, ground state atoms and UV photons. The atomic beam

69
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passes through a 6-way cross chamber which, apart from providing connection to one

of the vacuum pumps, also houses a Faraday cup that is used in combination with

a picoammeter to measure the flux of metastables in the beam. The Faraday cup is

mounted onto a linear translation feedthrough so that it can be removed from the

beamline for experiments.

The atomic beam then passes into the Zeeman slower, a large tapered solenoid which

creates a spatially varying magnetic field that maintains resonance of the slowing

laser and the cooling transition of the atoms. The slowing laser beam traverses the

experiment coaxial and opposite to the atomic beam direction. The Zeeman slower

counteracts the Doppler effect and in conjunction with the slowing laser beam allows

the atoms to be decelerated from the around 500 m/s to below 30 m/s which is the

capture velocity of the MOT.

Once the atoms are slowed they pass into the trap chamber. In the center of this

chamber is the trapping region. The MOT is formed by utilizing three intersecting

retro-reflecting, perpendicular, red detuned, circularly polarised laser beams and a

pair of anti-Helmholtz coil solenoids. This chamber also features a CCD camera used

for trap diagnostics and measurements, a residual gas analyzer and gas inlet required

for the collision cross section measurements. This chamber is also connected to a

subsequent 4-way cross which provides connection to another two vacuum pumps.

This 4-way cross also allows the slowing laser beam into the beamline.



72 CHAPTER 3. THE Ne* MOT APPARATUS

3.2 Vacuum System

The metastable neon source, Zeeman slower and trap chamber are differentially

pumped in order to optimize the required vacuum conditions for each component.

The gas discharge source requires pressures of 10−5 Torr which is much too high a

pressure for the trap chamber, requiring operating pressures on the order of 10−8

Torr. The experiment is all mounted on a 3.66 m * 1.22 m custom designed Newport

RS2000 sealed top optical table. The custom cut H shaped table was constructed in

this design to allow access below the trap chamber and to allow the source chamber’s

oil diffusion pump to be mounted directly below the chamber, where the table would

otherwise be. The table reduces the vibrations experienced in the original design of

the apparatus on a frame mounting system [130].

The source chamber, in figure 3.2, houses the metastable neon source with its asso-

ciated liquid nitrogen reservoir. The current supply for the source and skimmer, as

well as the gas line, are all supplied through vacuum feedthroughs into the chamber.

The pressure in the source chamber is monitored by a Varian ionization gauge model

number BA580 connected by 4-way cross on a side port of the source chamber. There

is also a Vacuum Generators model ZPVGM5KF Pirani gauge on this 4-way cross to

monitor the pressure while the system is roughed out. These gauges, as well, as all

the other vacuum gauges on the experiment, are monitored by a Varian Multigauge
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controller (model number L8350301).

The vacuum for the source chamber is provided by an Edwards Diffstak oil diffusion

pump model 160, using Santovac 5 polyphenyl ether lubricant, which can produce

approximately 700 L/s pumping speed. It is backed by a Varian SD 450 Rotary Vane

Pump with a pumping speed of 22.4 m3/h. An Edwards backing roughing BRV25

valve allows this pump to rough out the source chamber when starting up the vacuum

system. An additional backing pump provides backing to the gas delivery system as

well as the gas inlet line to the source chamber. This pump is used to evacuate the gas

lines before use to prevent contamination and is then sealed from the system before

gas is added. The connection to the neon gas line is via an Edwards Speedivalve.

Following the source the atomic beam is skimmed with a 2 mm nozzle aperture which

limits the transverse velocities of the atomic beam. It is also used to provide the

anode to the source discharge. The distance between the skimmer and the source

nozzle is variable in this apparatus and operates between 5 mm and 20 mm. The

skimmer is attached within the source chamber at the entrance to the 6” diameter

section of the chamber which attaches to the rest of the experiment. The skimmer

also acts as a conductance aperture separating the source chamber from the rest of

the vacuum system preserving the higher pressures required by the source with a

running pressure of approximately 2 ∗ 10−5 Torr.
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Following the skimmer is a set of 4, 23
4
” viewports on the axis 45◦ either side of the

vertical direction. These provide the input ports for laser beam access for an optional

addition of a transverse velocity optical collimator chamber. This section of the

vacuum system can be isolated from the rest of the vacuum system by a manual gate

valve which is located between the adapter flanges and the six way cross chamber to

preserve vacuum in the rest of the beamline when the source chamber is at atmosphere

for maintenance.

The gate valve is connected to the 6” 6-way cross chamber as seen in figure 3.1. A

Faraday cup is used to measure the metastable beam flux and is located in this 6-way

cross chamber, as described in section 3.10. A Turbo-V 250 MacroTorr 250 L/s Varian

Turbo-molecular pump provides vacuum to this chamber and the connecting Zeeman

Slower which is in-line with the source. The backing vacuum for this turbo-molecular

pump is provided by another Varian SD 450 Rotary Vane Pump with a pumping

speed of 22.4 m3/h. A second BA gauge is connected to the top of this chamber to

monitor the pressure. A zero-length adapter flange connects from the 6” flange on

the 6-way cross to the 4.5” flange on the Zeeman slower.

After the Zeeman slower is an adapter flange from the 4.5” flange on the Zeeman

slower to a 23
4
” Varian pneumatic linear series gate valve. This adapter flange also

holds the first of two solenoids which act as extraction coils and are further described

in section 3.4. The gate valve is kept closed except when the experiment is running
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to preserve the vacuum differential and to keep the ultra high vacuum (UHV) trap

chamber sealed from the rest of the experiment for maintenance. This gate valve

is orientated such that with a loss of power and compressed air the valve will close

sealing the trap chamber from the beamline.

The trap chamber (see figure 3.1) is at UHV with a base pressure of 1.7 ∗ 10−10 ±

4 ∗ 10−11 Torr. In operation, the trap pressure rises two orders of magnitude to

pressures of low 10−8 Torr. The MOT however, can still trap at pressures as high

as low 10−6 Torr. Details of the trap chamber are further discussed in section 3.14.

The pressure of the trap chamber is monitored by a Varian UHV 24 nude ionization

gauge. The partial pressure of individual gases can be measured by the Stanford

research systems Residual Gas Analyzer 100 (RGA). A computer using the SRS RGA

interface 3.0 interfaces with the RGA and utilises a 9 pin ribbon cable to control the

RGA and to take readings. A 6” 4-way cross chamber provides the connection to the

trap chamber for the Turbo-V300HT 250 L/s Varian Turbomolecular pump which is

backed by a Varian SD301 Rotary Vane pump with a pumping speed of 15 m3/h.

A Varian StarCell VacIon Plus 150 pump, which is a 125 L/s ion getting pump, is

connected opposite to the turbomolecular pump on the 4-way cross chamber allowing

the flange in-line with the atomic beam to be occupied by a viewport for the entrance

of the slowing laser beam.

In order to minimize trap losses due to collisions with background gas atoms and
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reduce the background for the collision experiments, it is important the trap chamber

is maintained at UHV pressures. After opening the chamber to atmosphere, evacua-

tion of the trap chamber to these pressures is assisted by “baking out” the chamber.

For approximately a week, the trap chamber and the 6” 4-way cross that connects to

the ion pump and turbo pump are heated to approximately 120◦C. This is achieved

using heating wire wrapped around these two chambers in combination with an in-

house constructed low-voltage supply. The chambers are also wrapped in aluminium

foil and covered by fiberglass blankets to increase the insulation around the chamber

to assist in reaching the required temperatures. This system is interlocked via the

Varian multi-gauge controller so that if there is a pressure burst that turns off the

ion gauge, the heating system is also triggered to cool down. Once baked out the

chamber achieves base pressures of ∼ 1 ∗ 10−10 Torr to mid 10−11 Torr.

All the vacuum lines to the backing pumps pass through drums of sand and at least one

90◦ bend to dampen and reduce vibrations being transmitted to the main apparatus.

3.3 The Metastable Neon Source

The species of interest in these investigations is the excited, metastable 3P2 state of

neon (see section 2.1.1). Preparation of the excited state is performed by passing an

electric discharge through neon gas which induces collisions in the gas as the atoms
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exit from a higher pressure region through a nozzle in a supersonic expansion to the

lower pressure experiment. There are a range of ways to experimentally produce

this with the excitation happening in different regions of the source depending on

the design [41]. In this experiment, the excitation is between the cathode, which is

located behind the insulating nozzle, and the skimmer [131].

The source is based on a design by Swansson et al. [131] which was adapted to our

apparatus by R.D. Glover. The source is mounted near the bottom of the liquid

nitrogen reservoir so it is surrounded by the liquid nitrogen in order to maximize the

cooling effect. The gas and electrical inputs are through the back of the liquid nitrogen

reservoir to the back of the hollow cathode assembly. The gas line is Teflon to prevent

the source striking back to a conductive gas line. The gas is transmitted through this

line into a copper tube which is at the back of the copper hollow cathode. This

cathode is then sealed against a boron nitride electrically insulating nozzle, assisted

with application of Torrseal. The source discharge utilizes power supplies on both the

cathode and the skimmer. The power supply for the cathode is an in-house built 2

kV, 20 mA DC power supply. The skimmer’s power supply is a Spellman high voltage

DC supply that provides 0-10 kV DC at 6 mA.

The source chamber is a 10” diameter upright cylinder as seen in figure 3.2. The

bottom of this chamber connects to the oil diffusion pump to provide the vacuum for

the source chamber. The source itself is mounted from the top flange of the source
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Figure 3.2: Cutaway of the source chamber [129].
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chamber. At the height of the beamline is two 6” flanges in line with the beam. The

flange at the end of the experiment has a viewport which helps in alignment of the

atomic beam to the rest of the vacuum system. The other flange is extended and

features on its sides the 4 23
4
” viewports that will later provide laser access to the

optical collimator.

A 6” flange provides the connection to the rest of the experiment. The skimmer seen

in figure 3.2 is mounted within the chamber at this flange connection to the main

cylinder. The skimmer has an extension angle of 55◦ and a 2 mm aperture in the

center. As mentioned in section 3.2, this skimmer provides a conductance aperture

to the experiment and it skims off the atoms with high transverse velocities. The

skimmer also serves as the anode for the source discharge.

To reduce the initial velocity of the atoms, the source is cooled by a liquid nitrogen

reservoir. Thermal contraction due to this cooling has been a problem for previous

sources used by this experiment and others, as it induces misalignment of the atomic

beam with the experiment. The source and liquid nitrogen dewar were redesigned to

improve the thermal isolation. The setup could also be spatially adjusted in vacuum

for any residual misalignment due to contraction. This adjustment of the position

is performed using the 4 micrometer adjustment screws at the mounting point of

the liquid nitrogen reservoir assembly, seen in figure 3.2, which tilt the reservoir and

source assembly from that mounting point. The reservoir is suspended from these
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micrometer adjustment screws and below the flange these screws sit against, are a set

of 23
4
” bellows to facilitate this tilting alignment.

Within the source vacuum chamber, suspended from the top flange is the liquid

nitrogen reservoir. The dewar being situated within the vacuum chamber conserves

the liquid nitrogen as it minimizes thermal contact. The source is fixed within the

bottom of the reservoir to ensure good thermal contact. Mounting of the reservoir and

source is entirely from a concentric feedthrough attached to the top flange of the source

chamber. The gas and electrical connections are provided through other feedthroughs

on the top flange and the source is removable by lifting the top flange. The skimmer

forms part of the chamber with its electrical connection provided through an electrical

feedthrough in the side port of the source chamber.

During operation of the source, the input driving gas pressure behind the nozzle was

approximately 9 Torr with a corresponding source chamber pressure of approximately

6 × 10−5 Torr. The source was found to work optimally with a nozzle diameter of

around 400 µm. With these pressures, the beam flux at the Faraday cup is found

to be 1.4× 1014 atoms.st−1.s−1 [132]. The time of flight for this source has not been

measured in this particular apparatus however a source based on the same design in

a similar experiment within the laboratory also using metastable neon found a mean

atomic velocity of approximately 500 m/s [133].
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3.4 The Zeeman Slower

The Zeeman slower is used to compensate for the changing Doppler shift when decel-

erating using laser cooling. Excessive long term heating lead to the existing Zeeman

slower to fail early in the commencement of this work. To replace the Zeeman slower

a new, more robust Zeeman slower was designed, modelled, tested and implemented

by the author.

To prevent resistive heating burning out the new Zeeman slower the wire was chosen

to have a large cross sectional area. The rectangular wire chosen allowed for easier

layering of the coils by providing a flat surface to wind the next layer on. The

resistance of the wire was provided by the manufacturers, Alco Magnet wire, as 1.269

Ω/1000 m. The Alco magnet wire which is sold as PE12 Cu strip has a rectangular

cross section 2.8×5 mm and consists of copper with double enamel coating.

A perfectly designed Zeeman slower, where suitable magnetic field gradients are

achieved, can be just 300 mm long to slow metastable neon (see Chapter 2). However,

to maximize the capture, allow for any inaccuracies in the actual produced magnetic

field, and to only require a 1
3

of maximum deceleration the Zeeman slower was de-

signed for three times this length at 900 mm. The ideal magnetic field profile for a

Zeeman slower was given in equation 2.14. Compared with this ideal magnetic field
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profile, due to the large cross section of wire, inaccuracies in the field shape were un-

avoidable. To allow for these inaccuracies the longer length for the Zeeman slower was

considered to be more efficient to slow more of the atoms. However the longer length

of the Zeeman slower leads to more atomic beam losses due to diffusion effects in

laser cooling [134]. To improve the efficiency of the Zeeman slower it was designed to

slow from a maximum atom velocity of 700 m/s. This increased the number of slowed

atoms in the beam. The new longer Zeeman slower produced a slight increase in trap

population so the increased diffusion losses were compensated with more atoms being

slowed.

The Zeeman slower consists of 19 layers of coils. The length of the layers of solenoids

produces the tailored field required. The field of the Zeeman slower can be modelled

by summing the axial magnetic field of a series of single loops of wire along the length

of the slower. Modelling the magnetic field required, using MATLAB, allowed the

lengths of the individual solenoids to be determined. The number of turns per layer

is provided in table 3.1.

Once the Zeeman slower was constructed by the in-house mechanical workshop and

prior to it being incorporated into the apparatus, the profile of the magnetic field

was checked for the magnetic profile. The measured profile of the Zeeman slower’s

magnetic field was found to be consistent with the theoretically required profile as

seen in figure 3.4. A hall probe mounted on a graduated rod was used to measure
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Table 3.1: The length and number of turns for each layer of the Zeeman Slower
number of layer length of layer (mm) number of turns
1 961 183
2 950 181
3 940 179
4 924 176
5 903 172
6 830 158
7 782 149
8 719 137
9 651 124
10 562 107
11 467 89
12 362 69
13 257 49
14 162 31
15 89 17
16 58 11
17 37 7
18 26 5
19 21 4
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the profile of the magnetic field. Measurements were made at 10 mm increments

along the beamline axis of the Zeeman slower. The probe was kept concentric with

the vacuum tube of the Zeeman slower using a custom designed mount for the probe

which attached to the flange of the Zeeman slower.

This design enabled the Zeeman slower to be run off one or two power supplies, rather

than a power supply per solenoid. The power supplies chosen were Powertech MP3090

DC power supplies which provide up to 40 A and 15 V. The current necessary to

operate the Zeeman slower was 21 A and the chosen power supply could not produce

this current to the entire 19 solenoids and as such; two supplies were used. One

supplied the bottom 5 layers of the Zeeman slower and the remaining layers were

powered by the second power supply.

These solenoids were wound on a double walled stainless steel tube. At the end of

the tube towards the trap chamber was a rotating 4.5” conflat flange. The opposite

end of the Zeeman slower had the 4.5” conflat flange modified to include the input

and output nozzles for the water jacket. The outside diameter of the tubing is 56mm

and the diameter of the inside tubing is 28 mm. The diameter of the tubing was

chosen with consideration for the vacuum conductance of the Zeeman slower while

also providing an ample water jacket. In figure 3.4 cross sections of the Zeeman slower

are illustrated. Between the two walls is the water jacket to provide cooling to the

Zeeman slower coils. The water jacket provided a significant increase to the cooling
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Figure 3.3: Theoretical and experimental magnetic profiles of the Zeeman Slower. In
the graph the solenoid begins at 0.085 m.

of the Zeeman slower over the poorer performance of the thinner water jacket on

the previous Zeeman slower. A further improvement on the water jacket of the old

Zeeman slower was through the addition of two horizontal fins between the two tubes

that stop short of the trap chamber end of the tubes to allow the water to flow along

to the end on one side and back along the other side to the outlet. This water flow

is provided by an in-house chilled water recirculation system that also provides the

cooling water requirements for the rest of the experiment.



86 CHAPTER 3. THE Ne* MOT APPARATUS

F
igu

re
3.4:

cross
section

s
of

th
e

Z
eem

an
slow

er.
(a)a

cross
section

p
arallel

to
th

e
b

eam
lin

e,
(b

)
a

cross
section

p
erp

en
d
icu

lar
to

th
e

b
eam

lin
e.



3.5. OTHER GENERATED MAGNETIC FIELDS 87

3.5 Other Generated Magnetic fields

Figure 3.5: The calculated magnetic profile of the Zeeman slower and the two extrac-
tion coils.

Vacuum chamber restrictions have led to the Zeeman slower ending 0.35 m from the

centre of the trap chamber. The laser cooling process decelerates the atoms to zero

velocity at the end of the Zeeman slower, which is not the desired delivery point of the

slowed atoms. The transfer of atoms to the trap is achieved through extraction coils

which provide a cut-off to the magnetic field that tapers into the trap chamber. The

extraction coils consist of two sets of solenoids and are located between the Zeeman

slower and the trap chamber. This magnetic profile can be seen in figure 3.5. Two
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solenoids are used due to the distance and to fit with the existing vacuum apparatus.

The first extraction coil is immediately after the Zeeman slower on the adapter flange

between the Zeeman slower and the 23
4
” gate valve. Extraction coil 1 consists of 3.2

mm copper tubing wound on a stainless steel bobbin in 4 layers of 12 coils. The

refrigeration tubing facilitates water to flow through the tubing from the in-house

cooling water system. This extraction coil is powered by a Xantrax XRF 7.5-140 DC

power supply which provides a range of voltage from 0-7.5 V and a current range of

0 to 142 A. Under typical operating conditions, 30 A is passed through the coil.

The second extraction coil is 2100 turns of 0.45 mm diameter copper wire on a stainless

steel bobbin. Between the bobbin and this copper wire is a layer of 4.76 mm copper

tubing through which the cooling water is cycled from the in-house system. The

current supply for this coil is provided by a custom constructed power supply with

operating currents of 0.3A. The coil is after the 23
4
” gate valve and is fitted over the

23
4
” flange and port of the trap chamber.

Subsequent to the trap chamber to cancel the continuing magnetic fields from the

extraction coils, is a set of compensation coils. This is a larger diameter coil that

fits over the 6” flange of the trap chamber, that operates at low currents (typically

around 0.1 A). The use of this coil fine tunes where the extraction coils’ field slows

the atoms to so that it is optimized for the trapping region.
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Stray magnetic fields in the trapping region are cancelled by three pairs of orthogonal

Helmholtz coils which are situated around the trap chamber.

3.6 Gas Delivery System

To perform the collision cross section measurements the collision gas needed to be

introduced into the experimental apparatus at the trap chamber for the collisions

to occur in the trapping region. This required a gas line to allow the controlled

addition of the collision gases into the trap chamber. The gas system was designed

and incorporated into the system by the author and is shown in figure 3.6. There were

three different single stage regulators used during the course of this work to match

the different connections required to fit the different gas cylinders used. From the

regulator a 6.4mm nylon tube conducted the gas to a Swagelok T-ball valve which

is indicated in figure 3.6 as F. This valve allows a connection to a backing pump

(A) as well as to a Swagelok 0-1 bar Bourdon gauge (G) which connects via a 6.4

mm stainless steel gas tube to the trap chamber. This valve with the backing pump

allows the backing out of the gas line to remove impurities between experiment runs.

A Grandville-Phillips series 203 variable leak valve (H) follows the Bourdon gauge.

This leak valve is only required during calibrating the RGA. The stainless steel tube

is attached to the underside of the optical table and attaches to a 23
4
” conflat 4-way
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cross (I). The 4-way cross connects this gas line to the next stage of the gas system.

Connection to the MKS Baratron Type 122A absolute pressure gauge (J) is also

provided by the 4-way cross.

The Baratron is a capacitance manometer pressure gauge and so with suitable calibra-

tion, is capable of measuring absolute pressures that are unaffected by the particular

gas species. This property is required for the calibration of the RGA. The Baratron

consists of a tensioned metal diaphragm with one side of the diaphragm exposed to

the system and the other side sealed in a high vacuum reference cavity. The defor-

mation of this diaphragm is monitored by an electrode assembly. Once amplified a

0-10 VDC signal provides the pressure reading which is monitored utilizing a custom

program written in LabVIEW see section 3.9.

The 4-way cross in figure 3.6 labeled I also connects to a second Grandville-Phillips

series 203 variable leak valve (K). This valve allows the precise control of the gas

leaked into the system. The leak valve finally connects to a Varian UHV all-metal

bakeable 23
4
” right angle valve (L) which connects to one of the 23

4
” flanges on the

bottom of the trap chamber. The valve allows the gas line to be sealed from the UHV

chamber when it is not required. Sealing off the gas line when not in use preserves

the UHV from any leaks in the gas delivery system.

The calibration of the RGA is performed using the dynamic expansion method [135].
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This method allows the vacuum pumps to remain operational which makes this cal-

ibration method more applicable for higher vacuum than static expansion methods

[135]. Assuming constant pumping speed S, a constant throughput of gas with a rate

Q flows into the chamber. At equilibrium the calibration pressure p is

p =
Q

S
(3.1)

To measure the throughput of gas (Q), a gas was leaked at a measured pressure

through a known conductance (L). For this method the pressure (p1) before the

conductance aperture must be high enough to be measured with a reference gauge,

although low enough that for the size of the aperture the gas flow is molecular. In

this case a MKR Baratron seen in figure 3.6 as item J was used for this reference

gauge. This conductance aperture is provided by leak valve 2 in figure 3.6 labeled K.

Once the conductance is measured leak valve 2 is left open for the calibration. The

throughput of gas is given as:

Q = p1.L, (3.2)

To measure the conductance (L), the change in pressure of a known volume before the

conductance aperture is monitored vs time once the conductance aperture is opened.

This yields an exponential decay that is fitted by
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p1 = Ae
−L
V
t, (3.3)

where t is time, V is the known volume before the conductance aperture and A is the

initial pressure before the conductance aperture at t = 0. Fitting this decay enables

the conductance to be determined. Combining 3.1 and 3.2 yields [135]

p = p1
L

S
. (3.4)

This method to measure the conductance of leak valve 2 of the gas system is described

in a flow diagram in figure 3.8. A known volume is required for this method. In this

experiment, the known volume is defined as the region between leak valves 1 and 2

which are indicated on figure 3.6. The known volume has been calculated to be 307

ml ± 1 ml. To ensure molecular flow through the conductance aperture the pressure

in the known volume must be below 0.75 Torr at this point. This limit is based on

the approximate size of the conductance aperture in the leak valve.

In the experiments described here, the total pumping speed (S) requires the com-

bination of the pumping speed of the turbomolecular vacuum pump used and the

conductance (C) between the pumps and the main chamber. The total pumping

speed is given by [135]
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Figure 3.7: The procedure used to measure the conductance of leak valve 2 as part
of the calibration of the RGA
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1

S
=

1

Sturbo
+

1

C
. (3.5)

The conductance in a region of molecular flow for a straight circular cross section

pipe with a length l and diameter d is calculated by the Knudsen equation in the

molecular limit as [135]

C = 12.1 ∗ d
3

l
. (3.6)

The vacuum pump is however not connected by a straight pipe but is connected at

right angles to the pipe. To account for this bend a greater effective length can be

calculated then used in equation 3.6. The angle of the elbow is given as θ [135],

leff = laxial + 1.33.
θ

180◦
.d. (3.7)

For the particular arrangement present in the Ne* trap apparatus with a right angle

bend the total pumping speed is calculated as S = 121.3± 16.4 l/s.

The method for the calibration of the RGA is described in a flow diagram in figure

3.10. The calibration of the RGA consists of two main parts. The first part of this

calibration process was measuring the leak rate into the trap chamber as described

in figure 3.8. An example of the curve produced by the pressure measured at the
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Figure 3.8: Measuring the leak rate as part of the RGA calibration by the monitoring
the pressure measured by the Baratron.

Baratron leaking into the trap chamber with the fitted exponential decay curve is

shown in figure 3.8. The counter on the leak rate helps set only an approximate con-

ductance and does not provide an accurate reproducible leak rate. For conductance

of the order of 10−9 L/s and below, the hysteresis of the metal-to-metal seal within

the device prevents accurate reproducible conductances if the valve is adjusted. Due

to this lack of reproducibility in the leak valve, once the leak rate is measured, the

leak valve shouldn’t be adjusted for the calibration and is repeated for each different

gas.

Once the leak rate is determined the second stage of the calibration of the RGA utilizes

the previously described dynamic expansion method. A number of data points are
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Figure 3.9: Determining the sensitivity factor for the RGA for helium to be 0.27.

recorded each for equilibrium for a different gas flow into the system. In practice at

least 10 data points are gained for each calibration to achieve a confident straight

line fit. The calculated pumping speed from eqn 3.4 was combined with the leak rate

measured and the Baratron measurements during the dynamic expansion to obtain

an actual pressure in the trap chamber. Graphing this pressure in the trap chamber

against the RGA partial pressure yields the slope as the sensitivity factor for this

collision gas for the RGA. An example of this graph for the determination of the

sensitivity factor for He is shown in figure 3.9.
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Figure 3.10: The procedure used to calibrate the RGA.
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3.7 Laser Systems

The slowing and trapping laser beams for the experiment were produced by two

separate laser systems. Newport model number F-SV 633 nm single mode optical

fibres were used to transport light from both laser outputs to the experiment. Both

laser systems utilize frequency locking to an absolute reference provided by saturated

absorption cells [136] containing neon gas and high voltage electrodes to produce an

electric discharge to excite the neon to the metastable state. The laser systems are

mounted on separate Newport vibration damped optical tables.

The optical fibre is housed within 6 mm diameter nylon tubing which has clear

polypropylene sections every 3 meters to view the fibre. This tubing minimizes fluc-

tuations in the light due to disturbances of the fibre by air currents in the laboratory.

The tubing also protects the fragile fibre from accidental breakage.

The lasers were coarsely tuned to the cooling transition using a wavemeter.

3.7.1 Slowing Laser System

The Spectra physics 380 Ring Dye laser was pumped using a Coherent Innova 400

sealed mirror Ar ion laser providing multiple visible lines from 351 to 528 nm with a

combined power of up to 25 W. The 488 nm line provided ∼ 8W for this experiment
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with the other main line of the argon ion laser output at 514.5 nm was used to pump

a separate experiment and split from the beam using a dichroic optic.

The Spectra physics laser utilised DCM special/LC6501 laser dye which is tunable

from 625 nm to 700 nm with the peak power at 640 nm. DCM is the complex organic

molecule 4-dicyanomethylene-2-methyl-6-p-dimethylamino-styryl-4H-pyran. DCM spe-

cial laser dye also contains a small quantity of Kiton red laser dye added to allow the

dye to go into solution more easily and also adds a hypsochromic shift to the tuning

curve from that of DCM laser dye. The solution consists of a 6:4 ratio of ethylene

glycol to benzyl alcohol. The solution was kept as anhydrous as possible to prolong

dye lifetime.

The arrangement of the slowing laser optics can be seen in figure 3.11. The spectra

physics 380D frequency stabilized ring dye laser has an external, separate laser refer-

ence station which is immediately following the output of the ring dye laser. Once the

beam has exited this reference station there is a 100 cm lens which reduces the beam

divergence for the subsequent optics. A half wave (λ/2) plate in combination with

a polarizing beam splitter is then used to split the laser light between the saturated

absorption cell (discussed in section 3.7.3) and the light for the experiment. There is

a further set of a λ/2 plate and polarizing beam splitter to split light off to a different

experiment.
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Figure 3.11: The slowing laser beam optics.
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The light for the experiment passed through a Uniblitz 3 mm shutter (model LS3ZM2)

which can block the laser beam in approximately 1 ms. The shutter controller can

manipulate up to 4 shutters and is triggered by a TTL pulse from the LabVIEW

based control program see section 3.9. The shutters could also be manually operated

using switches on the controller box. Subsequent to the shutter, the light was coupled

into the optical fibre to transport the beam to the experiment.

The slowing light was transferred to the experiment using single mode optical fibre.

The decoupling fibre chuck is mounted in an x-y translator to enable alignment of

the slowing beam with the apparatus. The decoupled beam passes through a 20X

microscope objective. To create circularly polarised light, the beam is then passed

through a linear polarizer and a λ/4 plate. A combination of two lenses is then used

to expand the beam to 15 mm FWHM and to weakly focus the slowing beam on the

source nozzle. This weak focus provides some cooling to the transverse velocities in

the atomic beam [12]. The beam enters the vacuum system through a 6” viewport

on the 6” 4 way cross chamber. The beam is aligned with the source nozzle to ensure

the laser beam is coaxial with the atomic beam.
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3.7.2 Trapping Laser System

The trapping laser system’s pump laser is a Coherent Verdi V-5 diode-pumped laser.

The Verdi laser is a solid state, diode-pumped, frequency doubled Nd:Vandate (Nd:YVO4)

laser. The output is single frequency 532 nm with a maximum power of 5.5 W. This

output feeds directly into the Coherent 899-21 Ring Dye Laser. Exciton Kiton Red

620 Laser dye is used in this system.

Kiton Red 620 laser dye or N-[6-(diethylamino)-9-(2,4-disulfophenyl)-3H-xanthen-3-

ylidene]-N-ethyl-ethanaminium hydroxide, is tuneable from 598 to 652 nm. The dye

solution is based on ethylene glycol with a small amount of methanol in a 5:1 ratio.

Excessive methanol in the dye solution can lead misting in the dye which leads to

instabilities in the dye jet and the laser. The trapping and slowing laser systems use

different laser dyes because of the different pump laser wavelengths and thus the dyes

used were chosen to maximise power for the given pumping laser. A higher intensity

output was observed using the Kiton red dye with the Verdi pump laser. Kiton Red is

also preferable as it is a much safer chemical than DCM. In the slowing laser system

which is pumped by the Ar+ laser, DCM special laser dye was found to provide a

higher intensity output. With 5 W pump power the Coherent 899 ring dye laser

produces typical laser powers of 650 mW.

Figure 3.12 shows the arrangement of the optics for the trapping laser beams. The
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Figure 3.12: The optical arrangement for the trapping laser and laser beams.
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laser beam from the Coherent 899-21 ring dye laser passes through a λ/2 plate and

polarizing beam splitter combination to adjust the light split between the saturated

absorption cell and the experiment. The saturated absorption cell is similar to that

described in section 3.7.3. The light for the experiment passes through an IntraAc-

tion Corp acousto-optic modulator (AOM) model AOM-40. The AOM provides for

computer controlled intensity attenuation in the trapping laser beams. Laser light

passing through an AOM is diffracted by the sound waves in the dense flint glass

within the AOM. The zero order output from the AOM was used for the experiment

so there was no frequency shift in the light. The AOM driver was an IntraAction

Corp VFE 40 MHz frequency synthesizer which feeds a RF signal to the AOM. The

amplitude of the RF signal is used to control the intensity of light in each order. As

the amplitude of the RF signal is increases, the intensity of light in the higher orders

increases thus decreasing the laser intensity in the zero order. The laser intensity in

the zero order can be varied from 10% to 90%. The RF signal’s amplitude was con-

trolled via the frequency synthesizer, either manually or by external computer driven

control. This signal’s amplitude was calibrated based on the power measured at the

trap chamber. During cross section measurements, the frequency synthesizer was

controlled externally as part of the LabVIEW based automation system, see section

3.9.

After the laser beam passes through the AOM, it is reflected and focused using a 20X
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microscope objective into a fibre coupler to take the laser light to the experiment.

The light for the trapping beams is also transported to the apparatus by a single

mode optical fibre. One of the properties of single mode fiber is the intensity profile

of the output beam is independent of the spatial properties of the injected light,

with the launch conditions only affecting the efficiency in which the light is coupled

into the fiber [137]. This property is particularly useful in this apparatus as the

trapping beam profile is not affected by any changes in the light profile induced by

the AOM. Any decreased coupling efficiency due to an AOM induced profile change

is also incorporated in the calibration for the laser intensity as this was done as a

comparison of measured intensity at the trap chamber. The light decouples from the

fibre through a 20X microscope objective and passes through a linear polarizer. The

MOT requires 6 trapping beams in opposite pairs. Each pair of beams is perpendicular

to each other to cover all three orthogonal dimensions. In this apparatus these beams

are provided by 3 retro-reflecting perpendicular beams. To achieve the 3 required

trapping beams, the laser beam is split into 3 using pairs of λ/2 plates and polarizing

beam splitters. Prior to running the experiment the balance of the power in the

three beams is checked and is adjusted using these λ/2 plates. Each trapping beam

is then expanded through a pair of lens to a collimated 30 mm diameter beam. The

beams are then reflected through a linear polarizer and a λ/4 plate to provide circular

polarisation before passing into the trap chamber. The opposing beam is provided by
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the light being then reflected from the opposite side of the chamber with another λ/4

plate to reverse the handedness of the circularly polarised light. Each beam is lined up

through the centre of the two viewports and passes through the centre of the chamber

which is the trapping region. The beam size is limited by the λ/4 plates which are

12.7 mm diameter. The three retro-reflecting trapping beams are all perpendicular

to one another and the configuration of the optics is shown in figure 3.12.

3.7.3 Saturated Absorption Spectroscopy

Saturated absorption spectroscopy is used to provide an absolute frequency reference

to lock the ring dye lasers. This is to prevent long term frequency drift in the laser

output. In this work fluctuations in room temperature are the primary source of this

frequency instability [138]. The saturated absorption cells are insensitive to these

effects so are ideal for providing the absolute frequency reference required. The laser

frequency locking to this reference is based on the scheme of Varcoe et al. [136].

A beam splitter is used to steer the light for the saturated absorption cell. This

beam passes through a λ/4 plate and the saturated absorption cell before the light

is reflected back along the same path and into a photodiode behind the partially

reflecting 70:30 beam splitter.

The saturated absorption cells for both laser systems consist of a cylindrical glass cell
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filled with neon gas to a pressure of 2 Torr. The glass cells are 150 mm long and 30

mm diameter. To populate the 3P2 metastable state an electric discharge is required.

This discharge is provided by two ring electrodes inside the cell separated by 30 mm.

These electrodes are externally coupled via glass-to-metal seals to a high voltage

power supply. The discharge is struck between these electrodes at approximately 900

V, exciting some of the neon atoms to the 3P2 state. When the laser scanned the

cooling transition ((3s)3P2-(3p)3D3) the fluorescence of the Ne* was observed and the

absorption of light from the laser beam was measured by the photodiode.

Absorption spectroscopy is where a laser beam passes through the cell once and the

absorption from the beam is measured. As the laser frequency is scanned over the

transition a broad dip in the signal is observed. This dip is broad due to the Doppler

effect as a range of frequencies excite different velocity groups of the atoms. To

obtain a sharper frequency peak reference, such as that required for laser cooling

and trapping to lock the laser to, saturated absorption spectroscopy is used. This

technique requires a second pass through the cell so the beam is reflected back through

the cell and the signal has a sharp peak in the centre of the absorption dip. The

process works as follows: consider in one dimension, a laser beam with a frequency ∆

detuned from the resonant frequency ω. The first pass of the laser beam through the

cell or the pump beam will excite the atoms with centre of motion velocity is given

by
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v = c
ω −∆

ω
. (3.8)

The pump beam has saturated a velocity group defined by the frequency ∆. A second

pass of the laser beam called a probe beam, through the cell will then excite the atoms

with the opposite velocity

v = −cω −∆

ω
. (3.9)

Figure 3.13: A resultant signal from saturated absorption spectroscopy

These two beams will have combined saturated velocity groups on each side of the

resonance frequency. However if the beam was tuned to the resonance frequency ω,
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the pump and probe beams would be on resonance with the same group of atoms

where v = 0. The pump beam would saturate this velocity group and the probe

beam would not be absorbed. This would be observed as a narrow peak in the wide

dip of the absorption spectra and can be observed in figure 3.13. The natural line

width of the transition defines the FWHM of the saturated peak in the spectra, for

the cooling transition the natural line width is γ = (2π)8.20 MHz.

While the experiment is running the laser cannot scan across the transition to obtain

this absorption spectroscopy signal. To provide this signal while the experiment is

operating, an AC magnetic field is used to scan the atoms in the cell across the

(3s)3P2-(3p)3D3 transition. This is possible due to the Zeeman effect. There is a

solenoid around the saturated absorption cell driven by a low frequency oscillator

and a current amplifier to provide the AC magnetic field required. The result is

the same saturated absorption signal from the photodiode as before without needing

to scan the laser frequency. This photodiode signal VS is then used to provide a

feedback voltage to the laser external frequency control to maintain the required laser

frequency. The particular method employed in this work for feedback control is based

on the work of Varcoe et al. [136]. This method was designed to be tolerant of laser

intensity fluctuations and is applicable for both symmetric and asymmetric saturated

absorption peaks. The basis for versatility of this method is that the derivative of

the signals are used.
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The signals from the saturated absorption spectroscopy via the photodiode VS and

the AC magnetic field VB were first differentiated with respect to time providing dVS
dt

and dVB
dt

respectively. The signs of the two slopes were then compared in a XOR gate

producing the resultant Verr feedback signal. This feedback voltage Verr was then

applied to the laser’s external frequency offset [136].

To provide detuning from the resonant frequency there are another two solenoids on

the gas cell in each system to which a constant current is supplied to provide a DC

magnetic field to use the Zeeman effect to add a frequency shift to the transition.

This shift allows the frequency detuning to be set.

This scheme is used for both laser systems however the execution is different for each

system. For the trapping laser system the locking is performed via an electronics setup

as described by Varcoe et al. [136]. The trapping laser detuning caused by the DC

magnetic field around the gas cell can be controlled from the LabVIEW based control

program via an analogue signal to the DC current supply see section 3.9. In the

slowing laser system the frequency locking is performed by computer via a LabVIEW

program developed for this experiment [138]. The LabVIEW devices installed in the

computer to enable this work were a National Instruments (NI) CompactDAQ USB

chassis with a NI9201 voltage input module and a NI9263 voltage output module.

The two input signals, VS and VB were sampled by the data acquisition hardware

as waveforms in LabVIEW. These two signals were differentiated with respect to
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time and by the sign of the derivative converted into binary with a positive gradient

indicated as 1 and a negative gradient as 0. These two binary waveforms are compared

by the XOR gate and the the resultant Verr was then converted back from binary

where a logical 1 was +1 and a logical 0 was -1. Verr was averaged over one or more

oscillations of the AC magnetic field and was applied to the voltage output of the

I/O card which provided the feedback to the laser’s external frequency offset [138].

It should be noted that the computer controlled laser locking was a separate system

running on a different computer from the LabVIEW driven control program utilized

for the data collection in this work.

3.8 The Trap Chamber

The trap chamber is located after the Zeeman slower and the 23
4
” linear gate valve as

seen in figure 3.1. After the trap chamber is the 4-way cross which allows connection

to the two vacuum pumps associated with the trap chamber while also providing

sufficient separation of the ion getter pump’s magnetic field from the trapping region.

The stainless steel 310 trap chamber which, ignoring flanges, is an 8” diameter upright

cylinder, features a number of flanges for both vacuum and optical access (as seen in

figure 3.14). The slowing laser beam enters the experiment via the 6” flange which is

connected to the 4-way cross inline with the atomic beam. There are also 2 × 4.5”
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flanges for the horizontal trapping beam perpendicular to the atomic beam in the

plane of the table and a further 13 × 23
4
” flanges all directed towards the trapping

region located in the centre of the chamber. The connection to the 23
4
” gate valve

and the Ne* beamline is the 23
4
” connection opposite the 4-way cross. The chamber

is completed with two 10” custom designed stainless steel 310 flanges for the top and

bottom of the chamber. The chamber and the flanges were constructed by MDC

Technologies. Each of these flanges has a further 5 × 23
4
” flanges arranged to access

the centre of the chamber. The number of flanges over the chamber allow for the laser

beam entrances and exits, ports for other monitoring and detection equipment and

further adaptability in the experiment. A nude ionization gauge and the RGA are

both connected to the trap chamber as described in section 3.2. The viewports for the

transmission of the trapping laser beams through the chamber are all anti-reflective

coated with a measured transmission of 99± 0.5% for the trapping wavelength.

The MOT coils are suspended inside the trap chamber from the top flange as seen

in figures 3.15 and 3.8. The two fourteen turn coils are in an anti-Helmholtz con-

figuration wound on two 80 mm diameter teflon formers. There are grooves in the

teflon formers to hold each turn of the copper wire to provide insulation between

each turn. Each teflon former is suspended from the top flange by a stainless steel

rod attached by a mounting bracket on the flange and screwed into the teflon former.

The coils consist of 6.35 mm diameter copper refrigeration tubing with the cooling
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Figure 3.14: A schematic of the trap chamber section [129].

water running inside this tubing. Both the electrical and water connections are made

via a feedthrough on the centre viewport of the top flange. The coils are connected

in series and their current is supplied via welding cables by a Xantrax XRF 7.5-140

DC power supply which provides a range of voltage from 0-7.5 V and a current range

of 0 to 142 A. Typical magnetic gradients created by the MOT coils used in trap

were approximately 0.25 Tm−1. The power supply is manually controlled however

the current can also be switched off via a LabVIEW triggered TTL pulse (see section

3.9) via a fast switching box built in-house based on a design from Dedman et al.

[139]. Using this switch the magnetic field can be switched off in 0.7± 0.2 ms.
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Figure 3.15: The trap chamber partially cut away to reveal the MOT coils [129].

3.9 LabVIEW Based Control System

To streamline the process of collecting the data for this work an experiment control

system was built based on National Instruments LabVIEW program. The user writ-

ten programs in LabVIEW are known as virtual instruments (VI). These VIs and the

Vpascal programs used have been written over a period of time as a collaborative pro-

cess between K.J. Matherson, J.P. Ashmore and D.E. Laban. The VI for controlling

the experiment allows more data points to be taken by increasing the efficiency of the

process rather than controlling the individual elements of the experiment manually.
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Figure 3.16: Photograph of the MOT coils (outside of the chamber).

A TTL pulse or transistor-transistor logic pulse is a high low triggering signal used by

LabVIEW to digitally trigger the on/off of many devices. During these experiments

the MOT coils fast switch is triggered by a TTL pulse as is the laser beam shutter for

the slowing laser beam to stop the trap loading. As well as controlling these devices

during data acquisition, a separate VI was written to enable triggering the MOT fast

switch on and off manually.

LabVIEW based digital to analogue converters are used to drive the devices requiring
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an analogue driving signal. This kind of signal is used to control both the trapping

laser parameters. The trapping laser intensity is controlled via the analogue signal

to the AOM’s frequency synthesizer. The detuning for the trapping laser is set by an

analogue signal to the DC current supply for the DC magnetic field coils around the

saturated absorption gas cell.

Primarily during the leak valve calibration process LabVIEW accepts the 0-10VDC

output from the Baratron to provide the pressure reading from the device. The leak

valve calibration with the pressure monitoring is a separate VI to that used for the

cross section data acquisition. This VI monitors and displays a graph of the pressure

as it drops. Once the pressure has reached a steady state value the monitoring

part of the VI is stopped by the user, and the data analysis section of the VI fits an

exponential decay to the pressure measurements. This provides the leak rate required

for the RGA calibrations. An example of the output graph from this VI can be seen

in figure 3.8.

The camera used to capture the images and series of images of the trap can also be

triggered from the data acquisition VI. The camera has its own driving software V++

from which the camera can be manually driven or the user can write programs for

the camera control in V++’s own programming language Vpascal. The control of

the camera via LabVIEW involves the VI interfacing with V++ to trigger a module
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written in Vpascal to trigger the camera to capture 100 frames at the specified ex-

posure time. During this interface the VI also tells V++ the file name to save the

images captured. At this step in a VI a delay is also built in so that LabVIEW waits

for the image to be captured.

The variables are entered into the front panel of the data acquisition VI. For the cross

section measurements the variables were trapping laser intensity, the trapping laser

detuning, the number of pressures to be stepped through and both the value for the

variable staying constant and the range and number of data points to be taken. The

data acquisition VI first initializes the physical parameters to the input on the front

panel of the VI and calculated the values for the varied parameter over the range

specified. The VI then will prompt for a partial pressure reading from the RGA. Ten

decays are then measured for each value of the varied parameter. Then the VI will

prompt for another partial pressure reading. This process continues until the specified

number of pressures is reached. When the VI triggers a decay process, the camera is

triggered first then the MOT switch and slowing laser shutter are triggered. A delay

is built in at this point so LabVIEW waits for the decay curve to be captured and

saved before the MOT switch and slowing laser shutter are triggered back on for the

trap to refill for the next decay. All the file names for the images and the variables

are saved in a text file for the data analysis process. The data acquisition process is

detailed in section 4.3.
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3.10 Detection and Imaging of the Trap

There are several methods to detect atoms in metastable states. The resonance

fluorescence of the trapped metastable atoms interacting with trapped laser beams

is in the visible spectrum so a CCD camera is an ideal detection device. Metastable

atoms have the detection advantage that they easily free electrons upon collision with

a surface. This is a property utilised by both the Faraday cup and the channeltron.

Figure 3.17: The Faraday cup in the 6 way cross [129].
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The first detection device is the Faraday cup mounted in the six way cross seen in

figure 3.1 and figure 3.10 to measure the flux of metastable atoms. Traditionally

Faraday cups are used to measure flux in electron or ion beams. The Faraday cup is

a conductive piece in a cup shape or a plate, as is the case in this apparatus. When

the charged particles hit the plate it gains a small net charge. This generates a current

which can be measured using a picoammeter. When metastable atoms hit a surface

they easily ionize and it is this property that allows the detection of metastables using

a Faraday cup.

The Faraday cup is shown in figure 3.10 and consists of a 15 mm diameter stainless

steel circular plate, isolated by ceramic spaces from its mount. This mount also holds

in front of the circular plate, a stainless steel ring. Ceramic spacers are used to electri-

cally isolate this ring held 5 mm in front of the plate. The ring has an outer diameter

of 20 mm and an inner diameter of 17 mm. The Faraday cup faces the metastable

neon source such the circular plate is perpendicular to the atomic beam with the ring

towards the source. The Faraday cup and ring are attached to a linear feedthrough so

the detector can be lowered into the atomic beam for flux measurements. Electrical

connections are provided by wires from the Faraday cup and ring to an electrical

feedthrough. The ring is held at approximately 50 V to prevent electrons ejected by

the metastable impacts on the plate being additionally measured. The current from

the Faraday cup was measured by the Keithley autoranging picoammeter model 485.
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A Faraday cup can provide absolute measurements of metastable beam flux. This

requires the secondary electron emission coefficient γ or the probability of an electron

ejection with an incident metastable, to be known. For metastable neon in a mixture

of 3P2 and 3P0 states γ = 0.61 for chemically cleaned stainless steel [140]. The

metastable flux F is given by [140]

F =
I

eγ∆Ω
, (3.10)

The measured current is I, e is the charge on an electron and ∆Ω is the solid angle

of detection as limited by the experiment and the size of the Faraday cup. To ensure

electrons created by the source did not contribute to the beam flux, a permanent

magnet was placed close to the beam, near the source to deflect away charged parti-

cles. In the trap chamber is a channeltron mounted 115 mm directly below the trap.

A channeltron is a single channel electron multiplier which is capable of detecting

ions, electrons and metastable species. An incoming charged or energetic particle will

trigger an electron cascade. This cascade is measured as a pulse along high voltage

line which supplies the high voltage to the channeltron tail. A pick off circuit is used

to separate this pulse from the high voltage. An Ortec model 579 fast filter amplifier

is used to amplify the pulse which is then sent to the Ortec model 473A constant

fraction discriminator and finally the Ortec model 773 timer counter to count the

charge pulses.

The mount for the channeltron clamps inside the centre bottom 23
4
” flange of the
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trap chamber using an expandable split ring. The electrical feedthrough for the

channeltron is also located at this flange. Via high voltage BNC connections, this

feedthrough allows connection of the channeltron tail and the 3 electrodes held before

the channeltron to high voltage power supplies or ground. The mount is stainless steel

and within this mount the channeltron is held on a teflon block with stainless steel

wire. The teflon acts as an insulator between the channeltron and the mount as

approximately 2.5kV is applied to the channeltron tail during operation. There are

3 electrodes in the mount before the channeltron which can be held at a voltage if

required to discriminate the particles detected. These were held at ground as applying

voltages to these electrodes was found to not affect the signal.

Single particles can be detected using the channeltron and can be used to detect

charged particles from collisions in the trap. The channeltron can also be used to

make temperature measurements of the trap. Temperature measurements can be

performed using a time-of-flight technique by releasing the trap and the expanding

cloud hits the channeltron a time later. The trap is released by switching off both

the trapping laser beams and the MOT coils. The atoms have a thermal distribution

and this is measured as a distribution of intensity of atoms hitting the channeltron

with time. To measure this distribution instead of using a timer counter the signal is

measured by a multi-channel analyzer.

To image the trap, a Roper Scientific Photometrics Coolsnap CCD camera with a
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custom fabricated focusing and mounting system was used. The camera mount with

the focusing system can be seen in figure 3.10. This figure does not show the additional

cover that is fitted over the mount to block out ambient light from the camera. The

camera is mounted on one of the 23
4
” viewports on the top flange of the trap chamber

with direct view of the trapping region. The alignment of the mount is first set by the

three locking screws that secure the mount to the viewport. Finer adjustments can

be to the alignment of the camera with the trap with the two micrometer position

controls, one on each side, which allow tilting of the mount. The lenses required to

focus the image onto the CCD are also held in this mount. The arrangement in the

mount is the first lens with a focal length of 75 mm and is held directly above the

viewport with the second lens with a focal length of 20 mm, a further 125 mm from

the first lens. The camera itself is located 110 mm from the second lens. The positions

along the mount of the camera and the second lens can be adjusted in the mount to

fine tune the focus using the translation screws at the end of the mount as seen in

figure 3.10. The camera produces a monochrome 12 bit digital image. The camera is

computer controlled using the V++ Precision Digital Imaging System program which

is written by Digital Optics. The V++ program incorporates its own programming

language VPascal which is used to automate camera control. The program also allows

interfacing with LabVIEW which allowed the automation of data collection in this

work. While single images are recorded, data is typically taken as a sequence of
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images. The sequences of images are used so as to have several measurements to

provide a statistical average for static measurements or to record decay or filling

curves for the trap.

Figure 3.18: Photograph of the camera mount (with the cover removed).

The exposure time of the camera is controllable and was set so that the camera

is not saturated by the resonance fluorescence emitted by the trapped atoms. For

measurements where the absolute intensity is important, such as measurements of

absolute atom populations, the intensity for different exposure times was calibrated

against a NIST calibrated Ophir Nova PD laser power meter. For most measurements

absolute intensities are not required only relative intensity from image to image is
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important. The camera has a capture setting for recording of data, and also a focusing

setting to enable clear real time viewing of the trap.

The spatial resolution of the camera and focusing system were also calibrated. The

mount was removed from the trap chamber and the camera and lens system was used

to capture an image of a ruler at the distance of 295 mm from the first lens which is

the same as the distance from the first lens to the trap in situ. The ruler displayed

markings at 0.5 mm separation.

Binning of the pixels is also available to see the whole image easily. This shows the

average of, e.g. 4 pixels as 1 so the image is a quarter of the size and the entire ccd

image can be easily displayed on screen. This mode is not used for data collection but

can be quite useful for diagnostics of the trap in the focusing mode especially when

setting up the camera and locating the trap. When taking data, a region of interest

(ROI) is set in V++ so that only the area of interest is captured. By setting the ROI

around the trap the errors from background light fluctuations are minimized.

The images produced are stored as tiff files. Initial analysis was performed using V++

and Origin, a graphing package, however these programs did not lend themselves

to automated data analysis so the analysis of these images is now performed using

MATLAB and its image processing toolbox. These analysis programs were written

collaboratively between the author and R.D. Glover.
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Figure 3.19: The process for the analysis of a trap image
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The file name for each image is combined with the experiment parameters in a text

file. This text file is used to locate each image during the analysis. It is also the

input of the other parameters for the analysis. Each tiff file is a series of images taken

as a movie with the time between images determined by the camera exposure set in

V++. In MATLAB this movie takes the format of a three dimensional array with

each two dimensional layer another single image. Each image is processed separately

with the process for the analysis shown in figure 3.19. For each trap image, the centre

of the trap was located, the trap’s volume determined and the intensity of the image

summed. Files where there is no trap detected returned a null result. If required, the

trap population was determined from the intensity of the image with the background

removed. The trapping laser power and detuning are used to calculate the excited

state population and combined with the intensity calibration for the camera the image

intensity yielded the trap population. The measurements for the cross sections did not

require absolute trap populations. Decay curves only require the relative population.

This is the reason the background is not removed and is evident as a y offset on the

decay curves. The decay curve is the intensity of each 2D layer of the 3D array plotted

against the time, given by the camera exposure. For the work described in this thesis,

fitting the decay curves requires the determination of the volume of the trap further

discussed in section 4.2. To the decay curves a decay equation was fitted considering

two body losses. This yielded a decay rate which was then further analyzed which is
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further discussed in chapter 4.



Chapter 4

Thermal Collisions of Metastable

Neon

4.1 Introduction

This section of the thesis describes the application of the metastable neon magneto-

optical trapping apparatus to measure total absolute atomic collision cross sections

from the metastable (3s)3P2 state of neon. This is a new technique developed in order

to perform this measurement and cross sections were measured for seven different

collision species [141]. The basis for this technique was provided by an established

method of using trapped atoms to measure photoionization cross sections [68]. This

129
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technique is also related to that used to measure total absolute electron collision cross

sections and total absolute ionization cross sections from a Rb MOT [69][70].

The cross section measurements were obtained from the measurements of the decay

rate of the trap, which is modified as the trapped atoms collide with an added room

temperature gaseous collision species. In figure 4.1 part (a) is before the collision gas

is added while part (b) now has additional to the background, the collision gas added.

These measurements were performed using He, Ar, Ne, H2, O2, N2 and CO2. This

technique produced results with small absolute uncertainties of just a few percent,

there by producing benchmark collision cross sections [141].

Figure 4.1:
A conceptual image of the trap. In part (a) the trap is operating with just

background pressure. In part (b) a collision gas has been added and now the decay
rate of the trap is caused by both the background atoms and the added collision gas.

The choices of collision species was, in part, based on gases which were readily avail-

able and could be incorporated into the experiment with a minimum of cost, risk and

inconvenience. This experiment was not intended to be an exhaustive analysis of the
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collision cross sections between Ne* and all gaseous species but rather an exploration

of the technique using some common gases.

Collision cross sections have typically been measured using crossed beam experiments.

These experiments consist of crossed collimated beams of the two collision species

whose intersection is a well defined interaction region. The scattered products of

these beam interactions are detected at a defined or measured angle, with respect to

the original beam, using a particle detector. Angular resolution is improved by using a

narrow slit in front of the detector [142]. The crossed beams technique is the preferred

method to obtain differential cross section measurements as it is designed to provide

an angular resolution for the data which is required for the differential measurements.

However to use the crossed beams technique for absolute cross sections, accurate

knowledge of both the absolute number of target atoms and the overlap volume are

required and is a major source of uncertainty [143]. The technique reported here

circumvents this issue for measuring absolute total collision cross sections. Only the

absolute partial pressure of the collision gas species is required for this technique and

therefore knowledge of the absolute number of atoms trapped is unnecessary. Using

a MOT to measure collision cross sections is also advantageous for metastable species

as it provides a pure source of atoms in the 3P2 metastable state.

The crossed beam technique has been used to make various experimental studies

of metastable noble gas collisions with collisions species from electrons, through
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to atoms and molecules [52][144][65][145][146][147][148][149]. More specifically, the

crossed beam technique has been used for differential cross section measurements

for some metastable systems [55][54][150]. Some of these differential cross section

measurements have further altered the interaction energy by using velocity selected

beams [151][55]. The crossed beam technique has also been used to measure Penning,

associative and total ionization cross sections for metastable neon, both for beams of

mixed and unmixed metastable 3P2 and 3P0 states [58][53][42][152].

4.2 Collisions

In the course of these experiments, collisions between trapped atoms and room tem-

perature thermal atoms had an average thermal energy between 11 meV and 27 meV

[141]. As mentioned in section 1.2, the collisional interactions that are possible in the

atom-atom collision experiments are elastic (equation 4.1), inelastic (equations 4.2),

associative ionization (equation 4.3) and Penning ionization (equation 4.4). In the

inelastic collisions it is important to note the asterisk indicates that the species is not

in the lowest state, X∗ is not necessarily a metastable state.

Ne∗ +X → Ne∗ +X, Elastic (4.1)

Ne∗ +X → Ne∗ +X∗, Inelastic (4.2)
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Ne∗ +X → NeX+ + e−, Associative ionization (4.3)

Ne∗ +X → Ne+X+ + e−, Penning ionization (4.4)

All of these collision processes can result in trap loss. The ionization processes remove

atoms from the trap as the resulting atomic state following the collision is insensitive

to the MOT trapping forces. With the elastic collisions, atoms are lost from the trap if

sufficient momentum is transferred from the scattering gas to the trapped atoms such

that the atoms have a kinetic energy greater than the MOT trap potential. Within

the average thermal energies of the collisions investigated here, elastic collisions are

the dominant process, with the total ionization cross section for Ne* small compared

to the total cross section as seen in table 4.1 [141].

There are an additional three ionization processes possible in atom-molecule colli-

sions. Where XY represents a molecule, the first additional process is dissociative

ionization where the molecule is broken into an ion and a free atom in equation 4.5.

Rearrangement ionization (equation 4.6) is also possible with atom-molecular colli-

sions however not expected in collisions with metastable noble gases as the NeX+

product is not stable. The final process is ion pair production in equation 4.7, where

the molecule becomes two ions. These three collisional processes all result in the
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metastable neon losing energy in the collision and resulting as ground state neon.

Ne∗ +XY → Ne+X+ + Y + e−, Dissociative ionization (4.5)

Ne∗ +XY → NeX+ + Y + e−, Rearrangement ionization (4.6)

Ne∗ +XY → Ne+X+ + Y −, Ion Pair production (4.7)

In molecule-molecule collisions, not investigated here, the increase in molecular size

will afford a myriad of possible collision outcomes. The technique used in this work to

measure collision cross sections does not discriminate between the collision processes

described above.

This technique utilizes the change in the MOT trap loss rate induced by the intro-

duction of a scattering gas to the trap chamber. This loss rate can be measured by

observing population dynamics of the trapped atoms as the MOT decays. The num-

ber of atoms in the trap is proportional to the trap’s fluorescence and the excited state

fraction. During a trap decay the excited state fraction is assumed to remain constant

thus requiring only the fluorescence of the trap to provide the relative change in trap

population. The scattering gas atoms collide with the trapped Ne* atoms removing

them from the trap through the collision processes described above. The population

change in a MOT is a combination of the loading rate and the loss rates of the trap.

In a low density MOT where the spatial distribution in the trap is Gaussian [77], the

rate of change of the number of trapped atoms is given by; [77]
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dNt

dt
= RL −Nt(ΓB)− βN2

t

Veff
, (4.8)

where RL is the loading rate of the MOT, Nt is the number of trapped metastable

neon atoms, ΓB is the trap loss rate from collisions with background gas atoms and β

is the density dependent loss rate for collisions between trapped atoms. The effective

volume of the trap Veff is given by Veff = 8π
3
2w with w being the full width half

maximum of the trap distribution. The addition of a scattering gas changes the

population dynamics via an additional trap loss mechanism and hence equation 4.8

is modified to;

dNt

dt
= RL −Nt(ΓB + ΓC)− βN2

t

Veff
, (4.9)

where ΓC is the additional loss rate due to the introduced gas species and this is the

quantity measured in these experiments. The cross section σ for the collisions due to

the additional loss rate, is given by[153];

σ =
ΓC
nν̄
, (4.10)

where n is the density of the background gas atoms. The trapped atom’s velocity is

negligible compared with that of the thermal scattering gas and hence mean velocity

of the scattering gas ν̄ is also the relative collision velocity and is given by;

ν̄ =

√
8kBT

πm
, (4.11)
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T is the temperature of the added gas, kB is the Boltzmann constant and m is the

mass of the added collision species. With the absolute measurement of n, determining

the cross section requires that ΓC be measured. ΓC was measured by observing the

trap decay from a steady state population. Trap decay occurs when the loading rate

of the trap is set to zero. Under this condition the solution to equation 4.9 is given

by;

Nt(t) =
Nt(0)e−t(ΓB+ΓC)

1 + { βNt(0)
Veff (ΓB+ΓC)

}{1− e−t(ΓB+ΓC)}
(4.12)

A fit of this equation to the decay curves of the trap enables ΓC to be found. Measure-

ment of decays as a function of density of collision species yields a linear relationship

as shown by equation 4.10 which enables the cross section to be then inferred from

the gradient.

4.3 Experimental Protocol

As detailed in chapter 3 a number of modifications were made to the Ne* trapping

apparatus to improve the accuracy of the measurements and to allow the addition

of the scattering gas. A residual gas analyser (RGA) was added to the trapping

chamber to determine the partial pressure of the introduced species. A Baratron,

which is a form of capacitance manometer pressure gauge, was also incorporated to

allow calibration of the RGA. This calibration process was detailed in section 3.6.
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A UHV stop valve was used to seal the gas inlet system from the trapping chamber

when not in use.

The process for the collision measurements is detailed in figure 4.2. Once a trap

is established the computer controlled parameters are switched over to a control

program based on LabVIEW, which controlled the trapping laser power, trapping

laser detuning, the MOT coil’s switch, triggering the decay and collecting the series

of images using the camera. The camera is triggered to start recording images before

the loading of the trap is stopped so the first few images of the sequence are of the trap

in operation to ensure the entire decay is captured. The control program saves a text

file of the file names of the images taken and all the parameters associated with each

measurement. This file is later used as for the data analysis. Changes in the partial

pressure of the scattering gas were made and entered manually at the prompt provided

by the LabVIEW program. For most data runs the measurements were conducted

as a function trapping laser detuning. For each pressure, starting with no additional

scattering gas, the program steps through each detuning taking ten decay curves for

each point. At the end of the set of detunings, the program prompts for a new partial

pressure. The gas pressure in the gas line was kept constant and monitored using the

Baratron during the measurements 3.6. The pressure in the trap chamber is adjusted

using quite small movements of a leak valve located below the trapping chamber.

The partial pressure was obtained from the RGA and the sensitivity factors obtained
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Figure 4.2: The procedure for obtaining the collision cross section measurements
from the Ne* MOT.
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from calibration for each scattering gas were applied during the data analysis process.

This process of taking data was continued from the point of no added collision gas

up to pressures in the 10−7 Torr range.

When the data run involved measurements of cross sections as a function of trapping

laser power, the procedure above is used but the program steps through the trapping

laser power rather than the detuning. The laser power is varied via control of an

AOM (see section 3.7.2). The variation in these parameters was to measure the effect

the exited state fraction had on the collision cross section. The excited state fraction

needs to be considered as the trapping beams are left on for the measurements so some

of the trapped atoms are in the 3D3 state rather than the 3P2 state and therefore the

cross section measurement will have contributions from both states. This fraction is

dependent on laser power and laser detuning of the trapping beams [132].

4.4 Data Analysis

The measurement of the collision cross section was performed by taking the decay

curve of the trap when the trap is exposed to different partial pressures of the collision

species. The data was recorded as a multiple frame image in tiff file format for each

decay by the 10 bit CCD camera mounted above the trap chamber as seen in section

3.10. The data capture was triggered by LabVIEW and the file is recorded by the



140 CHAPTER 4. THERMAL COLLISIONS OF METASTABLE NEON

V++ program using a Vpascal file. The pressure and detuning (or laser power) was

recorded in a separate text file with image file names for the data analysis process.

During each run, each measurement was conducted ten times (so ten decays for each

set of parameters). Ten decays for each measurement was found to be a balance

between obtaining enough data for a reasonable statistical analysis and limiting the

experiment time so to keep the trap with the same parameters for the whole run. The

tiff files and the corresponding text file were analyzed using MATLAB. In MATLAB

the tiff files are converted into matrices of total intensity and then associated with

the other input parameters from the text file. Analysis of the series of tiff files began

with the construction of the trap intensity versus time graph or the decay curve. The

camera is triggered to begin record images before the trap decay so by comparing

points with the intensities of the first few points, the decay beginning was detected

and a new matrix with just the decay curve was created. An example of these decay

curves is shown in figure 4.3.

This decay curve was then curve fitted in the least squared sense using the lsqcurvefit

algorithm in MATLAB to fit to a modified exponential decay of the form of equation

4.12. A weighted average is taken of this data. The resultant ΓC was plotted against

the density of the collision species derived from the partial pressure producing a graph

such as in figure 4.4. This density was calculated from the calibrated partial pressure

provided using the residual gas analyser. The y intercept of this graph provides the
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Figure 4.3: Decay curves from two different partial pressures of hydrogen in the
system. The blue line is the decay at a partial pressure of 1.0 ∗ 10−10 Torr, the red
line is the decay at a partial pressure of 8.10 ∗ 10−8 Torr. The solid lines are a curve
fit to the experimental data of a modified exponential decay given in equation 4.12.
These two decay curves were chosen to accentuate the decay rate difference observed.
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Figure 4.4: Trap decay rate as a function of the density of the added collision gas,
which for this graph is Helium. The gradient of this graph is used to calculate the
collision cross-section.

decay rate ΓB from collisions with other background atoms.

The linear relationship between the decay rate and the density of the collision species

can be seen in figure 4.4 from which a gradient was determined. This gradient and

the mean velocity of the collision species, given by equation 4.11, were used to obtain

the collision cross section σ using equation 4.10.

For each collision gas, the measurements were taken for a variety of trapping laser

detunings and intensities to vary the trap’s spring constant. This was to ensure

the cross section wasn’t strongly dependent on the trapping properties. A strong

dependency on the trapping properties could imply a large influence by small angle

scattering or the excited state fraction of the trap. Both of these effects are expected
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to be minimal (see section 4.7.2 and section 4.7.1 respectively).

These resultant cross sections can be plotted against trapping laser detuning or in-

tensity to confirm that any possible change with excited state fraction is not observed

in this data. The data was weighted using the uncertainties calculated (see below in

section 4.7) and using a linear fit to the weighted data, the final collision cross section

for each collision species is determined.

4.5 Results

The graph of the total absolute collision cross section for the Ne in the 3P2 with

thermal H2 against the trapping laser detuning is presented in figure 4.5. The straight

line indicates the averaged cross section. No significant dependence on laser detuning

is observed suggesting that the contribution to the cross section from any small angle

scattering or from the Ne atoms in the excited 3D3 state is not significant compared

to the total uncertainty [141]. This graph is typical of the results of all the different

collision systems investigated in this work with respect to the laser detuning or laser

intensity where no statistically significant changes are observed.

The total absolute collision cross sections determined in this work are summarized

in table 4.1 and the graphs can be found in Appendix A. Data has been included



144 CHAPTER 4. THERMAL COLLISIONS OF METASTABLE NEON

Figure 4.5: The total absolute collision cross section of Ne* and H2 averaged over the
trapping laser detuning.

in this table for comparison from the only similar measurement from the literature

from Rothe et al. [45]. The collision energies used in their work is approximately four

times that used in this work. Due to the difference in collision energies the different

in cross section is not surprising. The comparisons between the results presented here

from this work and those of Rothe et al. [45] will be further discussed in section 4.6.

In the table 4.1, a trend for the cross section to increase with increasing atomic weight

and increasing atomic size is observed for the noble gas species. While the nitrogen

molecule (N2) is lighter than the oxygen molecule (O2), it is larger than the oxygen

molecule. The size and character of the molecule and its molecular orbitals would

be expected to be deterministic of the elastic cross section rather than the molecular
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Figure 4.6: Collision cross sections of the noble gases investigated with respect to
their van der Waals radius [154] noticing the increasing trend of cross section with
atomic radius.
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Table 4.1: The total absolute collision cross section results from Ne 3P2 metastable
state with various collision species listed.a Measurements are for this work and for
[141] with the total uncertainty quoted. b Measurements are from [45] where the
average collisional energy is significantly higher ( 115 meV) and the uncertainty is
quoted to be on the order of 25%. cThe total ionization cross section for collisions
with Ne* in a mix of 3P2 and 3P0 [147] have been included for comparison where the
relative collisional energy are between 33 meV - 47 meV.

Collision ν(m.s−1) Relative σM(Å
2
)a σR(Å

2
)b σTI(Å

2
)c

Species Collision
Energy
(meV)

He 1249.0 27.0 160± 20 123
Ne 556.3 16.2 500± 50 143
Ar 395.4 10.9 840± 80 398 3.46-30.5
H2 1760.0 29.4 230± 20 2.6-23.4 b
O2 441.8 12.5 1000± 100 25.5
N2 472.1 13.5 1300± 100 10.4

CO2 376.7 830± 80

mass, and the N2-Ne* and O2-Ne* cross sections support this.

The Ne*-CO2 collision cross section has an average value of σM = 830 ± 80 Å
2

and does not fit within the trends based on atomic/molecular size shown within the

rest of the measurements. Carbon dioxide was the only tri-atomic species used in

this investigation and it is expected that this would complicate the dynamics of the

collision. As such it is not surprising CO2 does not fit with the trends shown in the

rest of the measurements made for the different collision species.

As a confirmation of the work presented here cross sections have been calculated using

the Landau-Lifshitz approximation applicable to low velocities where elastic, van der
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Waals interactions should dominate at these low energy collisions [155][156].

σtot(νrel) ≈ 8(
C6

h̄νrel
)2/5. (4.13)

This approximation, (equation 4.13) calculated for each velocity and integrated over

the Maxwellian distribution for the MOT capture velocity, can be used to estimate the

total cross section. These results can be seen in table 4.2. The approximation should

be most accurate for the Ne*-He collision as the cross section is entirely elastic since

Ne* contains insufficient energy to ionize He. This is indeed reflected in the calculated

cross section from table 4.2 for Ne*-He of 168.9 Å
2

which is within the uncertainty

for the experimentally measured collision cross section. However the result for CO2

is the only other result which is within the experimental uncertainty of the measured

collision cross section. This approximation is only for the elastic component of the

collision and is dependent of the C6 value. For all the collision species except He, there

are also inelastic collisions which are not included in this approximation. The ionizing

collisions will add to the total cross sections which could explain the discrepancy

between the results of this approximation and the experimental results.

4.6 Discussion

Included in the table of results, table 4.1, are also results from the work of Rothe et

al. [45]. The collision energies used in their work are approximately four times that
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Table 4.2: Estimation of the collision cross section between Ne* and the collision
species. This is based on a low velocity, elastic approximation.

Collision species C6 ∗ 10−78.J.m6 Calculated cross section Å
2

He 2.36 [157] 168.9
Ar 21.5 [158] 702.3
O2 19.9[158] 607.9
N2 21.3[158] 592.5

CO2 34.8[158] 901.8

used in this work. The result of this increased collision energy is that the collision

cross sections, while approximately the same order of magnitude, are consistently

smaller than those achieved in this work. This is expected given the higher energies,

as a trend exists for the elastic cross section to decrease with an increase in collision

energy [47]. The work of Rothe et al. [45] estimate their uncertainties to be 25% of

the measured cross section. The uncertainties from the work presented here are less

than 10%. This measurement is also unique due to the low energies of the collisions

investigated as well as this low uncertainty.

It can be seen in these results in figure 4.6 that for the noble gases, the cross section

follows a scaling trend for these atoms. That is, the larger the atom, the larger the

cross section. Of particular note is that the Ne*-He cross section is entirely elastic

since metastable neon does not have enough total energy to ionize He. The entirely

elastic nature of this collision makes this the most useful measurement to compare

with both theory and other experimental data.
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The cross section of the diatomic molecules shows a trend to increase with increasing

volume of the molecular electron cloud, which agrees with the trend seen in the noble

gases. Carbon dioxide however did not follow this trend. Comparing collision species’

size and cross section is oversimplistic especially since carbon dioxide is a triatomic

molecule (compared with the other collision species are either monatomic gases or

diatomic molecules) and as such has an extra degree of freedom (than the diatomics)

and three extra degrees of freedom to the monoatomics. It is the only triatomic

molecule we investigated and it is possible that the vibrational modes of CO2 have

a role to play in the collision process. Apart from the stretching modes similar to

the diatomics, CO2 also has a bending mode which is not a property shared by the

diatomics. This bending mode changes the shape of the molecule and this, we expect,

would change the collision properties of the molecule. The shape of the molecule is

also expected to become increasingly important with the increase in size since the

collision would change with the different molecular orbital environments.

Aguilar et al. [53] suggested considering the type of interaction in comparing cross

sections. If the interaction is of a pure van der Waals character as seen in the inter-

actions between noble gases it will have a longer interaction distance as opposed to

more of a intermediate ionic character like the collisions of Ne* with O2 and the other

molecules. Increasing degree of ionic character decreases the interaction distance of

the collision. These shorter distances are expected to lead to larger cross sections.
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The ionization cross section in particular was suggested by Kerstel et al. [158] to

be affected by the nature of the ionisation orbital where systems with a π ionisation

orbital like O2 and CO2 have a nearly constant ionization cross section. In contrast

they observed that systems with a σb ionisation orbital like N2 show an increasing

ionization cross section with increasing energy [158].

Molecular collisions depend on the bonding of the target species so it is not surprising

the scaling behaviour evident in the noble species is not the same for target species

with different bonding mechanisms. These trends are observed in our results and

would appear to explain what has been observed. Further investigation to include

more molecules may shed further light onto the exact nature of these trends with the

increasing complexity of the spatial chemistry.

The validity of our technique for the determination of the total absolute collision cross

sections was confirmed by the comparison of the results obtained with theoretical

elastic cross sections. Of particular note is the comparison of the entirely elastic

He-Ne* total absolute cross section. The calculated cross section for He-Ne* is 168.9

Å which falls well with the uncertainty of the measured cross section for He-Ne*

of 160 ± 20 Å. The theoretical elastic cross sections for the other collision species

investigated do not provide as useful a comparison as that for the Ne*-He collision

as the other collision measured cross sections also include ionization processes. With

the exception of the Ne*-CO2, the theoretical elastic cross sections are smaller than
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the measured total collision cross sections as expected.

4.7 Uncertainties

Uncertainty components can be classified into type A and type B [159]. Type A un-

certainties are obtained from statistical analysis of a series of observations. Type B

uncertainties come from other means of evaluation using scientific judgement based

on the available information. This can include calibration data, equipment specifi-

cations, previously measured data and uncertainties assigned to reference data [159].

Both types of uncertainties can be treated equally and together form the combined

uncertainty. Standard uncertainties are given to one standard deviation. The uncer-

tainties produced in this work are all quoted as expanded uncertainties which cover

a level of confidence of 95%. This is equivalent to two standard deviations.

The determination of the type A uncertainties in this work starts with fitting the decay

curves. For each pressure 10 decay curves were measured and fitted to determine the

decay rate. These 10 decay rates are averaged to give the mean decay rate for that

pressure Γ. The uncertainty in the decay rate of two standard deviations of those 10

decays measured is given by ∆Γ.

The collision cross section σ yields from the gradient of the Γ±∆Γ as a function of the
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absolute gas density. The uncertainty in the linear fit to this graph give ∆σfit. These

measurements are repeated reducing this statistical uncertainty. The combination of

the cross section across the laser detuning allowed for a weighted average cross section

to be taken. Any outliers beyond two standard deviations of the average cross section

are removed in this process. The statistical uncertainty ∆σmeasurement is two standard

deviations of a Gaussian probability distribution based on a weighted average of the

cross section.

The type B contributions to the standard uncertainty are not reducible with more data

but are rather limitations in the experiment and the equipment primarily obtained

from manufacturer’s specifications and calibrations. The largest contribution to the

uncertainty in this work is the absolute pressure measurement of the added collision

gas. This is primarily a limitation in the residual gas analyser with an observed

uncertainty of ∼ 7%. There was further uncertainties from the calibration process

with contributions from the Baratron of 0.5%, the calculation of the known volume

of ∼ 0.4% and the uncertainty in the vacuum pumping speed of 2%. Summing

these uncertainties in quadrature, the total uncertainty contribution for the pressure

measurement is ∼ 8%. Further type B uncertainties of 5% are due to the excited state

fraction of the trap and the contribution from the small angle scattering. Combined

the total type B uncertainty in this work is 9.4%.

The final uncertainty for each gas is the combined uncertainty and they are quoted
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in 4.1. The uncertainty is dominated by the type B contributions. The type A

uncertainties were under 1.5% for all the species considered and displayed the good

repeatability of the experiment. Further sources of type B uncertainties included in

the calculations are discussed in more detail in the next sections.

4.7.1 Excited State Fraction

During these measurements the trapping laser beams are left exposed to the trap.

This means some of the trapped atoms will be in the excited state of the cooling

transition, the 3D3 state. This is a possible source of uncertainty as the cross section

measured will be for a combination of the 3P2 metastable state and the 3D3 excited

state rather than just the metastable state as desired. The excited state fraction, ρee

can be estimated using the optical Bloch equations [77],

ρee =
1

2

I/I0

1 + I/I0 + (2δ/γ)2
(4.14)

where the intensity of the laser is I, the saturation intensity is given by I0, δ is the

frequency detuning of the laser from resonance and γ is the natural linewidth of the

cooling transition. Operational parameters for the experiment are typically I = 2I0

and δ = 3γ. Using equation 4.14 this yields an excited state fraction of 0.014 of the

trap population resulting in an estimated contribution to the uncertainty in the cross

section measurement of a few percent [132].
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Figure 4.7: The total absolute collision cross section of Ne* and Ar averaged over the
trapping laser intensity.

The effect of the excited state fraction was explored with the measurements of the

cross section as a function of trapping laser intensity an example of which is shown in

figure 4.7. A change in cross section would have indicated increasing higher excited

state fraction up to where the cross section would have plateaued with the maximum

excited state fraction of the trap. The trapping laser intensity variation was used to

confirm that changes to the excited state fraction of the trap did not produce changes

beyond the range of the uncertainties to the measured cross sections to suggest that

the excited 3D3 state is adding to the cross section.
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4.7.2 Small Angle Scattering

If the collision does not impart enough momentum for the atom to escape the trap

the atom is recaptured by the trap. Thus this collision does not contribute to the

measured cross section. This produces an uncertainty in the measurement as these

events are not included. The recapturing by the trap is determined by the escape

velocity νe which needs to be overcome to measure the scattering event. Previous

modelling of this experiment modelling under usual operating conditions (I = 2I0, δ =

3γ) found an escape velocity of the trap of approximately 25 m/s [130].

Conservation of energy and momentum provides the calculation of a minimum scatter-

ing angle at which recapture occurs. For the typical trapping parameters given above

the recapture scatting angle is approximately 30 mrad for argon as the collision gas.

This critical angle θC is given by [155];

θC =
πh̄

µν( σ
2π

)0.5
(4.15)

where ν is the relative collisional velocity, and µ the reduced mass.

The relative uncertainty in the scattering cross section from the inability to detect

scattering events less than this critical angle is given by [160]

∆σ

σ
≈ 0.08θ2

Cµ
2ν2σ

4h2π
. (4.16)

Equation 4.16 yields a relative uncertainty from these missing scattering events of
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1% for the argon measurements and for the helium measurements this reduces to an

uncertainty of 0.1%. These uncertainties are well within the statistical experimental

uncertainty of the measured cross section.
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Conclusions

The purpose of this work was the development of a new technique for the investigation

of the low energy, total absolute atomic/molecular collisions of the 3P2 metastable

state of neon with a selection of atomic and molecular species. The results produced in

the work have small uncertainties under 10%. The technique is capable of producing

benchmark collision cross section measurements.

To enable this investigation, this work included redesigning, rebuilding and upgrading

much of the existing metastable neon apparatus at Griffith University. This major

upgrade to the apparatus was to improve the MOT and to adapt the system for

collision studies. This rebuild included the apparatus being reconstructed on an op-

tical table, replacing the original frame. Accompanied with other vibration reduction

157
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measures the rebuild has reduced the vibration in the experiment which improved

the trap stability and reproducibility which is important in scattering experiments.

Specifically for these measurements a second gas line was added to the experiment

and some changes to the vacuum system to accommodate this. To improve the trap

population the main components that were redesigned and replaced were; the source

to provide a more stable atomic beam, the Zeeman slower and the addition of another

extraction coil to improve loading of atoms into the trap. Many smaller components

of the apparatus were also improved upon during this work.

The MATLAB based program to analyze the trapping data was also written during

this work to allow the amount of data taken to be analyzed efficiently. This program

identifies if there is a trap present, locates the centre of the trap in a image, measures

the volume of the atom cloud and can provide trap populations or decay curves and

loss rates.

The total absolute collision cross sections between the metastable (3s)3P2 state of

neon and the ground states of He, Ne, Ar, H2, O2, N2 and CO2 can be seen in table

4.1. This table includes the average thermal velocity of the added collision species,

the relative collision energy for each collision and some comparison values. The total

ionization cross section has been included for some of the collisions for a mixture of

the metastable states 3P2 and 3P0 of neon [147].
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The total absolute collision cross section measurements from Rothe et al. [46] are

included in table 4.1 as the only similar measurements found in literature. In that

work, the collision energy is approximately four times higher than those used in our

measurements. The results obtained from these higher collision energies (for the

species where results are available) while being the same order of magnitude as the

results obtained here, are consistently smaller than our results. The higher collision

energies we expect to result in smaller cross sections as there is a trend for the elastic

cross section to decrease with increasing collision energy [47]. The uncertainties in

the measurements of Rothe et al. [46] are estimated to be 25% of the cross section

measured. Our uncertainties of approximately 9.5% of the measured cross sections

implies that this technique yields vastly superior results. These measurements are

unique not just due to the relatively low uncertainties but also due to the low energy

of the collisions studied.

Validation of this technique presented here was provided by comparison of the Ne*-He

system of our results with a theoretical approximation for the elastic cross section.

This interaction was used as it is an entirely elastic process due to Ne* having insuffi-

cient energy to ionize He. The van der Waals interactions dominate at low velocities

which allows the cross-section to be approximated by equation 4.13 [155]. By using

this approximation and integrating over a Maxwell-Boltzmann distribution of colli-

sion velocities yields a cross section of 168.9 Å2. This calculated approximation gave
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a good comparison to the results of this work and lies within the uncertainties of the

experimentally measured cross section for Ne*-He and provides further confidence in

this technique.

The collisions were investigated for the noble gases He, Ar and Ne. The homonuclear

diatomic molecules H2, O2, N2 as well as the heteronuclear triatomic CO2 were also

investigated in their collisions with the 3P2 metastable state of neon. Within the

results, trends in the cross sections dependence on the size of the atom or molecule

was observed between the noble gases and the diatomic species. However carbon

dioxide did not fit these trends and being that it is the only triatomic molecule

within the group it is likely that there are more complex collision dynamics involved

than for the other species. Extending the measurements to other species would be an

interesting future direction for the work to see what can be learned from the trends

in cross section.

5.1 Future Directions

The metastable neon trapping apparatus has, since this work was completed, moved

on to the investigation of Penning ionization of the 3P2 metastable state of neon in

the presence of a catalysis laser.
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The investigation of Penning ionization in the presence of a catalysis laser using a

MOT has been performed for both metastable Kr [161] and metastable Xe [162]

with the view of possible suppression of the Penning ionization. These investigations

showed that the ionizing collisions between the trapped metastable noble gas atoms

can be modified with the appropriately detuned laser light [162]. The Penning ion-

ization rate was shown to be enhanced for red detuned light while when the catalysis

laser is blue detuned, Penning ionization was suppressed [162]. For the Xe* MOT

with the trapping lasers on, a suppression factor >30 was observed [162].

Penning ionization is most clearly observed by measuring the ion count rate. The

trapping lasers are pulsed off and the catalysis laser is turned on every second period

the trapping lasers are off. The ion count rate is measured for a short period before

the trapping lasers are turned back on [161]. The catalysis laser is tuned near the

resonance. The ion rate is measured as the catalysis laser is scanned over the atomic

resonance to observe the enhancement and suppression of the Penning ionization.

To perform this work and to provide the catalysis laser beam, the optical setup of

the metastable neon trap experiment has been altered so that all the trapping and

the slowing beam can run from the one laser system (that of the Coherent 899-21CW

ring dye laser). The Spectra Physics 380D CW ring dye laser system is then free to

produce the probe beam required for this work.



162 CHAPTER 5. CONCLUSIONS

The obvious continuation of the work presented in this thesis is to measure the colli-

sion cross section for other collision species with the metastable neon. Further cross

section measurements could help elucidate the trends in the cross sections and per-

haps provide the tools to unravel some of the complex dynamics involved in these

collisions. Specifically investigations into other triatomic molecular species for com-

parison with the results from the carbon dioxide work would be quite interesting.

However at this stage further Ne*-atom collisions or Ne*-molecule collisions will not

be investigated by this group.



Appendix A

Additional Measured Collision

Cross Sections

This appendix contains the total absolute collision cross section graphs not included

in chapter 4.
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Figure A.1: The total absolute collision cross section of Ne* and He averaged over
the trapping laser detuning.

Figure A.2: The total absolute collision cross section of Ne* and Ne averaged over
the trapping laser detuning.



165

Figure A.3: The total absolute collision cross section of Ne* and Ar averaged over
the trapping laser detuning.

Figure A.4: The total absolute collision cross section of Ne* and O2 averaged over
the trapping laser detuning.
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Figure A.5: The total absolute collision cross section of Ne* and N2 averaged over
the trapping laser detuning.

Figure A.6: The total absolute collision cross section of Ne* and CO2 averaged over
the trapping laser detuning.



Appendix B

Published Journal Articles

The two peer-reviewed journal articles resulting from this work are contained within

this appendix.
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Absolute metastable atom-atom collision cross section measurements
using a magneto-optical trap
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We present a new technique to measure absolute total collision cross sections from metastable neon
atoms. The technique is based on the observation of the decay rate of trapped atoms as they collide
with room temperature atoms. We present the first measurement of this kind using trapped neon
atoms in the 3P2 metastable state colliding with thermal ground state argon. The measured cross
section has a value of 556±26 Å2. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2754444�

I. INTRODUCTION

Collisions of atoms are important processes that can be
measured to provide data in the form of collision cross sec-
tions to rigorously test various aspects of quantum mechan-
ics. Atomic collision processes are also important in practical
applications since these processes form the underlying opera-
tional basis for technological devices such as lasers and
plasma televisions.1 Data produced from these types of ex-
periments have been used for the modeling of fusion reac-
tors, as well as for astrophysical and ionospheric models.2

Atomic collisions have played a very large role in cold and
ultracold gases formed through light based trapping tech-
niques3 and are pivotal to the creation of gaseous Bose-
Einstein condensates formed using the evaporative cooling
process. Collisions of atoms in excited states are also of great
interest and the data produced from the measurement of
these collision processes provide new challenges for theoret-
ical calculations.4 This work investigates the collisions of
atoms, which are in excited metastable states. In many appli-
cations collisions of atoms in metastable states play a signifi-
cant role in the transfer of excitation through collisions and
often mediate changes of internal states of atoms from
ground to excited states. The HeNe laser is a typical device
that relies on this energy transfer mechanism to create a
population inversion in Ne. The common household fluores-
cent light is another such device.

Experiments that have measured cross sections usually
involve crossed beams of highly collimated atomic beams to
ensure a well-defined interaction volume. The cross sections
are measured through the detection of atoms scattered from
one of these beams at some defined angle with respect to the
incident beam with a particle detector with a narrow slit to
improve angular resolution.5 Absolute collision cross section
measurements using this technique are difficult to make
since the absolute number of target atoms, and the overlap of
the atomic beams is requisite to the determination of the
cross section. This is one of the major sources of errors in
this type of experiment.6

In this work we are interested in obtaining total collision
cross sections for cold trapped atoms in excited states collid-

ing with thermal room temperature ground state atoms. The
technique presented here is a new technique based on a pre-
viously established method that has been used to measure
photoionization cross sections from atoms trapped in a
magneto-optical trap �MOT�.7,8 This technique has also been
modified to investigate electron-atom collisions to measure
total absolute collision cross sections as well as total absolute
ionization cross sections for trapped Rb.9,10 The technique is
based on the measurement of the decay of trapped atoms
from a magneto-optical trap undergoing collisions. In par-
ticular, we have developed this technique to measure abso-
lute total collision cross sections of trapped neon in the 3P2
metastable state colliding with other gaseous species. The
technique does not require the absolute number of target
metastable atoms to be known, only the absolute pressure of
the colliding gas species.

To elucidate the technique we measure the absolute total
cross section for cold neon in the 3P2 metastable state col-
liding with argon at room temperature. The kinetic energy of
the colliding species is not enough to excite internal states of
the colliding species and under these conditions three colli-
sion processes are possible; elastic scattering and two ioniza-
tion processes �Penning and associative ionization�.11 Previ-
ous experiments investigating collisions between Ne* and Ar
measured ionization cross sections from these collision spe-
cies at room temperature in a crossed beam aparatus.12 Elas-
tic cross sections for these colliding species have also been
measured for velocity-selected atomic beams.13–16 Some of
these experiments involved no state selection of the meta-
stable Ne beam and none of these investigations measure the
cross section that we report here.

II. EXPERIMENTAL TECHNIQUE

The technique that we use is based on the observation of
the change of population dynamics of trapped atoms in a
MOT when a gas species is added to a vacuum. The intro-
duced gas molecules are at room temperature and will collide
with the trapped atoms which can remove them through a
collision process. The population dynamics in a MOT can be
described by the differential equation17
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dNt

dt
= RL − Nt�B − �� n�r,t�2d3r , �1�

where Nt is the number of trapped metastable atoms, RL is
the loading rate of the trap, �B is the background loss rate of
atoms from the trap, � is a density dependent loss term for
collisions between trapped atoms, and n�r , t� is the atomic
density distribution in the MOT. The background loss rate of
atoms from the trap is a result of collisions of the trapped
metastable atoms with vacuum gas residuals. In the experi-
ments described here we operate the MOT at low densities
and as such the population dynamics in the trap are governed
by linear losses. In this limit the spatial trapped atomic dis-
tribution to a good approximation is Gaussian and can be
written as

n�r,t� = no�t�e−r2/w2
, �2�

where w is the full width at half maximum of the atomic
distribution. Substitution of this expression into Eq. �1� en-
ables the population dynamics to be rewritten as

dNt

dt
= RL − Nt��B� −

�Nt
2

Veff
, �3�

where Veff=8�3/2w. If one now adds in a gas at room tem-
perature an additional loss will occur through collisions of
this hot gas with the trapped atoms with the change in the
trapped number of atoms given by

dNt

dt
= RL − Nt��B + �C� −

�N2

Veff
, �4�

where �C loss rate of atoms with the introduced gas species
and it is this parameter that we are interested in measuring to

obtain the collision cross section. The total collision cross
section � is related to this loss rate via18

� =
�C

nv̄
, �5�

where n is density of atoms of the background gas and v̄ is
the average collision velocity of the hot introduced gas spe-
cies �the relative speed of the trapped Ne* is negligible com-
pared to the hot gas atoms� and is given by

v̄ =�8kBT

�m
, �6�

with kB being the Boltzmann constant, T the temperature of
the gas, and m the mass of the atom. Using the ideal gas
equation enables an absolute value of n to be determined �see
pressure calibration discussion later�, hence the problem of
finding the cross section is reduced to finding the loss rate
�c. We chose to measure this loss rate by the observation of
the decay of the trap once it has it has been allowed to fill to
steady state. Setting RL=0 the solution to Eq. �4� is

Nt�t� =
Nt�0�e−t��B+�C�

1 + ��Nt�0�/Veff��B + �C���1 − e−t��B+�C��
. �7�

In our technique we measure �c from decay curves fitted
using the function given in Eq. �7� for a range of pressures of
the hot collision gas. A plot of �c as a function of density
then enables the cross section to be determined from the
gradient.

FIG. 1. Schematic of the Ne* trap apparatus. Shown is the source, Zeeman slower and trap B-field coils and the associated lasers.
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III. EXPERIMENT

A schematic of the Ne* trap apparatus is depicted in
Fig. 1. Neon atoms are passed through a hollow cathode
discharge source in which the atoms are subject to energetic
collisions that can excite them to a variety of internal states
some of which are in the desired metastable state to be
trapped. The source is in contact with a liquid nitrogen
source that cools the nozzle to 77 K. The flux of metastable
atoms exciting the source is approximately 1�1014 at. / sr s
and has an average thermal velocity of 500 ms−1. This beam
of metastable atoms is cooled via a counterpropagating laser
beam in conjunction with a Zeeman slower. The cooling
laser beam is tuned between the 3P2 metastable state and the
3D3 upper excited state �cooling transition�. The lifetime of
the metastable state is 14.7 s,19 and is longer than any mea-
surement being made. As a result, it can be treated as a
ground state for the purpose of this analysis. The cooling
transition has a wavelength of 640 nm20 and a saturation
intensity of 4 mW/cm2.20 The transition is closed, that is,
once excited to the 3D3 state, the only decay channel is back
to the metastable state. Both the 3P2 state and 3D3 state are
well LS coupled and the lifetime of the 3D3 state is 19.4 ns,20

and yields a natural linewidth for the optical transition of
8.19 MHz.

The atoms are decelerated to approximately 50 m/s
which then enable them to be trapped in the magneto-optical
trap. The magneto-optical trap is formed by the intersection
of three sets of orthogonal, circularly polarized, counter-
propagating laser beams that are red-detuned with respect to

the cooling transition. The quadrupole magnetic field for the
MOT is created by 2, 14 turn solenoids wrapped on Teflon
formers driven by a high current �0–140 A� switch mode
supply. The coils are located within the vacuum chamber in
an anti-Helmholtz configuration and typically have a mag-
netic field gradient of around 0.25 T/m. The light for the
trap lasers and slowing beams are spatially filtered using
single mode optical fibers and expanded to a diameter of
2.5 cm. The light is derived from two single mode dye lasers
both of which are frequency locked using commercial lock-
ing systems with the output light having a linewidth of ap-
proximately 1 MHz. The lasers have their absolute frequency
locked to a saturated absorption signal provided from Ne
discharge cell.21 The MOT can operate under various trap
light intensities and frequency detunings with typical atom
numbers of 107 atoms with spatial extent of 2 mm. The MOT
atom number population and hence the trap’s dynamics, as
well as spatial distribution can be monitored through the ob-
servation of fluorescence using a charge-coupled device
�CCD� camera in combination with an imaging system with
a magnification of 10�.

The collision gas is introduced directly into a trap cham-
ber via a leak valve and the pressure of the introduced spe-
cies is measured with a calibrated mass spectrometer. The
mass spectrometer is a residual gas analyzer �RGA� with a
range of up to 100 amu. To calibrate the RGA for the pres-
sures in the region of interest �10−9–10−6 Torr� the dynamic
expansion method was used. This method is ideally suited
for systems where vacuum pumps are permanently required

FIG. 2. Measured decay curves from the MOT showing fluorescence from the trapped atoms �directly proportional to the number of trapped atoms� with
collision gas and without.
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�e.g., for UHV requirements�. Once equilibrium has been
reached, sorption effects can be ignored and it is therefore
applicable to much lower pressures unlike the static expan-
sion technique.22 Gas is allowed to flow into the vacuum
chamber at a constant, known leak rate �Q� while the
vacuum pumps connected to the system simultaneously
pump gas out of the system �at an effective pumping speed
S�. Once the system is at equilibrium, the pressure �P� in this
chamber is given by P=Q /S. S can be calculated using the
known vacuum pump speed in combination with calculations
of conductance for the system connecting the vacuum pumps
to the chamber. Over a range of leak rates, a plot was con-
structed of the calculated partial pressure against the partial
pressure reading from the RGA. The gradient of these data
provides the sensitivity factor applied to the RGA readings to
ensure the partial pressure readings are absolute for the gas
species in question.

The experiments involve the measurement of the change
in atom number �i.e., a decay curve� with a gas added to the
vacuum chamber at different pressures. The RGA was used
to ensure that the system had come to equilibrium in its
background pressure due to the added gas. The loading of the
trap was then stopped and a decay curve was measured using
the imaging system.

IV. RESULTS AND DISCUSSION

The experiments reported here have used Ar as the hot
collision gas and typical decay curves measured using this
technique with the gas inserted into the chamber and without

is shown in Fig. 2. These data are used then to determine
the total decay ��B+�C�. The total decays are then deter-
mined as a function of density. A typical plot of the total
decay ��B+�C� as a function of density is given in Fig. 3.
Each point of the graph is an average of six measurements
and the error bars are one standard deviation of the mean.
Using this type of plot and using Eq. �5� enables the cross
section � to be evaluated.

These data are taken with the trap laser beams in opera-
tion and as a result the measured cross sections are a com-
bination of cross section from the 3P2 metastable and the 3D3
states. However, we operate the trap in these experiments at
relatively large frequency detuning �approximately three
times the natural linewidth� and relatively low powers of two
to three times saturation. The cooling transition exhibits fine
structure and optical pumping with the MOT lasers occurs
such that the internal atomic states of trapped atoms cycles
between the 3P2 �mJ=2� and 3D3 �mJ=3� states. Using opti-
cal Bloch equations one can get an estimate of the excited
state fraction which is given by23

�ee = 	1

2

 I/I0

1 + I/I0 + �2�/��2 , �8�

where I is the intensity of the laser, I0 is the saturation in-
tensity, � is the frequency detuning from resonance, and � is
the natural linewidth of the transition. Typical operating pa-
rameters of our trap have I=2I0, �=3� which yields using
Eq. �8� an excited state fraction of 0.014. We estimate that

FIG. 3. The total decay rate from trap as a function of collision gas pressure.
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this would lead to an error in the measured 3P2 cross section
of few percent and is within the error of the results presented.
To test this sensitivity we have measured the cross section as
a function of laser detuning in units of the natural linewidth
and is shown in Fig. 4. These data show little dependence on
the detuning. The trap becomes unstable at detuning less than
1.5� and it is not possible to take measurements less than
this detuning. We have performed similar measurements as a
function of the trap laser intensity; however, we have found
no changes in the measured cross section that are statistically
significant to suggest that the 3D3 state is adding significantly
to the measured cross section.

One other source of error is that there is a possibility that
after a metastable atom undergoes an elastic collision it
could be recaptured by the trap. If the trapped atom under-
goes an elastic collision which induces a momentum transfer
such that the velocity of the atom after the collision is insuf-
ficient to escape trap, then it will be recaptured and therefore
not contribute to the measured cross section. Modeling of
our trap indicates that under usual operating conditions of the
trap parameters �I=2I0, �=3�� yields an escape velocity of
approximately 20 m/s.24 Using conservation of energy and
momentum allows the determination of a minimum scatter-
ing angle in which recapture occurs. For these parameters we
obtain a recapture scattering angle of 90 mrad. This is a
small scattering angle and the relative error in the elastic
scattering cross section associated with the inability to detect
scattering events less than this is given by25

	�

�
�

0.08
2�2�̄2�

4�h2 . �9�

In the case of a recapture angle of 90 mrad this leads to a
relative error of approximately 3% of the elastic cross sec-
tion and is well within the experimental error of the mea-
sured total cross section. The insensitivity of this small angle
contribution to the total cross section is verified through ex-
periments mentioned in the preceding paragraph. The alter-
ation of the frequency detuning or the laser intensity of the
trap laser beams alters the spring constant of the trap that in
turn significantly alters the capture velocity of the trap from
approximately 5 up to 35 m/s. Since we do not measure a
significant change in the cross section when these parameters
are varied we believe that this source of error is not signifi-
cant and is consistent with the relative error as estimated
using Eq. �9�.

Taking a weighted average of our data over the cross
sections measured as a function of the trap laser beam inten-
sity and the trap laser frequency detuning yields a value of
the measured total absolute collision cross section between
neon in the 3P2 state and Ar in the ground state to be
556±26 Å2. We have also utilized the technique to measure
total absolute collision cross sections between metastable
neon in the 3P2 state and other rare gases as well as a number
of diatomic molecules with similar levels of error.26

FIG. 4. Collision cross sections measured as a function of the laser frequency detuning of the MOT trapping laser beams.
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Measurement of low-energy total absolute atomic collision cross sections with the metastable
3P2 state of neon using a magneto-optical trap
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We present total absolute collision cross sections for neon in the 3P2 metastable state with ground state,
thermal atoms and molecules using a recently developed experimental technique. The technique utilizes a
magneto-optical trap �MOT� and involves the measurement of MOT population dynamics to determine the
cross section. Collision cross section measurements are presented for metastable neon in the 3P2 state with He,
Ne, Ar, H2, O2, and N2. The average thermal energy of the collision ranges from 11 to 27 meV. The measure-
ments made using this technique have small errors, of the order of 10% of the measured cross section; the
technique is capable of producing benchmark collision cross sections.

DOI: 10.1103/PhysRevA.78.042712 PACS number�s�: 34.50.�s

The study of atomic collision processes provides impor-
tant information for a number of research applications, such
as plasma physics and astrophysics. These interactions are
also important to practical applications and new technolo-
gies, such as lasers, plasma televisions, and electrical dis-
charges �1�. The data produced by experimentally measuring
these processes in the form of collision cross sections pro-
vide a means of rigorously testing theoretical quantum me-
chanical calculations. Metastable noble gases are especially
interesting since the energy content of these excited states is
higher than the ionization potential of most known atomic
and molecular species, and their lifetimes are much longer
than typical collision times in the gas phase �2�. These col-
lisions are also of general interest in excited state chemistry
�3�. Metastable states also play a role in the transfer of exci-
tation via collisions and can mediate changes in the internal
states of other atoms, a process used in devices such as the
HeNe laser.

In this investigation the average thermal energy of the
collisions is between 11 and 27 meV. At these energies the
dominant interaction between a metastable and ground state
atom during a collision event is the elastic scattering process
�1�. Other possible collision processes are associative ioniza-
tion �2� and Penning ionization �3�:

Ne* + X → Ne* + X , �1�

Ne* + X → NeX+ + e , �2�

Ne* + X → Ne + X+ + e . �3�

Experimental investigations of such collision processes
are traditionally carried out using a crossed-beam technique.
In these experiments two perpendicular collimated atomic
�or molecular� beams are crossed in a well-defined interac-
tion region and the products of collisions are then detected.
Detailed studies have been carried out for metastable rare gas
systems with various other noble gas atoms, diatomics, mol-
ecules, and electrons using a crossed-beam technique �4–11�.

Total ionization cross section measurements as well as Pen-
ning and associative ionization cross section measurements
have been performed for mixed and unmixed metastable Ne
in the 3P2 and 3P0 states �2,3,12,13�. Differential elastic
cross sections have been measured for some metastable sys-
tems using the crossed-beam method �14–16�. The angular
resolution is provided by a narrow slit placed before the scat-
tered particle detector �17�. The technique is quite useful for
differential cross section measurements but absolute cross
sections are difficult to determine since the absolute number
of target atoms as well as the the overlap volume of the
beams is required to be known accurately. This is a major
source of error for this type of experiment �18�. Velocity-
dependent elastic cross sections have been made for noble
gases with other atoms and molecules using velocity-selected
beams to alter the interaction energy �15,19�. Rothe et al.
�20,21� have measured total absolute collision cross sections
of metastable He and Ne at large average relative velocities
of 1000–3000 ms−1 using a beam-gas attenuation method.

In this paper, we present measurements for the total abso-
lute collision cross section between cold Ne* in the 3P2
metastable state and room temperature �295 K� He, Ne, Ar,
H2, O2, and N2. The experiment was carried out using a
magneto-optical trap �MOT� where Ne in the 3P2 metastable
state is confined in a potential well of approximately 4 mK.
The total absolute collision cross section is measured using a
technique that has been recently developed �22�. The method
is based upon the principle that the collision cross section
between the trapped atoms and a collision species can be
determined by measuring the trap loss rate. This is achieved
by introducing a collision species into the trapping region
thus increasing the number of collision events. Collisions
where associative or Penning ionization take place removes
an atom from the trap as the Ne is left with an internal
quantum state that is insensitive to the MOT trapping force.
Elastic collisions lead to trap loss if sufficient collisional
momentum is transferred from the hot collision species to the
trapped metastable Ne atoms. At relatively low energies the
total ionization cross section for Ne* is small compared to
the total cross section �see Table I� therefore elastic collisions
are the dominant trap loss mechanism. To make a measure-
ment, the trap loading is turned off and the change in the loss*R.Sang@griffith.edu.au
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rate is measured by observing the population dynamics of the
trapped atoms as the MOT decays. The advantage of per-
forming these studies using this method is that the MOT
provides a pure source of Ne in the 3P2 metastable state. It is
also advantageous that no knowledge of the trap population
or overlap volume is required; it is only necessary for the
loss rate and absolute density of the collision species to be
measured. This technique is similar to a method used to mea-
sure photoionization cross sections �23,24�, total absolute
electron-atom collision cross sections �25�, and total absolute
ionization cross sections from Rb �26�.

The rate of change of the number of trapped atoms is
determined by the loading and the loss rates of the trap. In a
low-density MOT, where the spatial distribution in the trap is
Gaussian, it is given by �27�

dNt

dt
= RL − Nt��B� −

�Nt
2

Veff
, �4�

where Nt is the number of trapped metastable Ne atoms, RL
is the loading rate of the trap, �B is the trap loss rate due to
collisions with residual background gas atoms, � is the
density-dependent loss rate for collisions between trapped
atoms, and Veff=8�3/2w with w being the full width at half
maximum of the trap distribution. The addition of a collision
species to the trapping region changes the population dynam-
ics and hence Eq. �4� is modified to

dNt

dt
= RL − Nt��B + �C� −

�Nt
2

Veff
, �5�

where �C is the additional loss rate due to the introduced
collision species. The cross section �, for collisions between
the trapped atoms and the collision species, can be found by
measuring �C and is given by �28�

� =
�C

n�̄
, �6�

where n is the density of the collision species and �̄ is the
relative collision velocity, which can be approximated as the
mean velocity of the collision species and is given by

�̄ =�8kBT

�m
, �7�

where T is the temperature and m is the mass of the collision
species. If the loading rate RL is set to zero then the decay
from steady state can be found by solving Eq. �5�, which
yields

Nt�t� =
Nt�0�e−t��B+�C�

1 + ��Nt�0�/Veff��B + �C���1 − e−t��B+�C��
. �8�

The loss rate due to collisions with the introduced collision
species �C, can be found by fitting Eq. �8� to the measured
trap decay. The cross section can then be found by plotting
�C as a function of n, the absolute density of the collision
species. This is a linear relationship �Eq. �6�� where the gra-
dient is proportional to the collision cross section �.

The apparatus used for the experiment has been described
in detail elsewhere �22� and can be seen in Fig. 1. Briefly, a
beam of metastable Ne atoms is created in a hollow cathode
discharge-type source that is liquid nitrogen cooled to reduce
the mean atomic thermal velocity to 500 ms−1. The meta-
stable atom flux from the source is approximately 1
�1014 atoms sr−1 s−1. The beam of atoms is subsequently
longitudinally slowed to approximately 20 ms−1 using a
counterpropagating red-detuned laser beam combined with a
Zeeman slower. The atoms are then trapped in the MOT,
which consists of three retroreflected, orthogonal, circularly
polarized, 25-mm-diameter laser beams, red detuned from
the cooling transition by typically three linewidths. The trap-
ping field has a typical magnetic gradient of 0.25 T m−1. The
cooling transition is 640.4 nm from the 3P2 metastable state
to the 3D3 excited state with a saturation intensity I0 of
4.2 mW cm−2 �27�. The lifetime of the 3P2 metastable state is
14.7 s �29�, which is much longer than any measurement
being made and so can be treated as an effective ground
state. The excited 3D3 state has a lifetime of 18.7 ns �27�.
Decay from the 3D3 state is possible only via a single chan-
nel to the 3P2 state and is a “closed transition,” that is, only
these two states play a role in the optical process.

The observed spherical atom cloud typically consists of
approximately 107 atoms with a diameter of 2 mm. The fluo-
rescence from the trapped atoms is used to monitor the popu-

TABLE I. The total absolute collision cross section from metastable Ne in the 3P2 state.

Species �̄ �m.s−1� Relative Collision Energy �meV� �M �Å2�a �R �Å2�b �TI �Å2�c

He 1249.0 27.0 164.8�0.5�15.5 123

Ne 556.3 16.2 499.1�4.1�47.1 143

Ar 395.4 10.9 837.7�15.7�79.0 398 3.46–30.5

H2 1760.0 29.4 230.1�2.8�21.7 2.6–23.4

O2 441.8 12.5 1026.8�12.7�96.9 25.5

N2 472.1 13.5 1259.0�16.5�118.8 10.4

aMeasurements are for this work. The errors quoted are, respectively, the statistical and systematic errors.
bMeasurements are from �21�, the average collision energy for these measurements is significantly higher
��115 meV�, and the quoted error is estimated to be on the order of 25%.
cThe total ionization cross section for collision with metastable Ne in a mixed composition of 3P2 and 3P0 �6�
have been included for comparison purposes. The relative collision energies are between 33 and 47 meV.
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lation dynamics. A 12-bit charge-coupled device camera with
an external optics system to provide 10� magnification is
used to measure the fluorescence.

The collision species is introduced into the trap chamber
via stainless steel gas lines with the flow controlled by a
variable leak valve. The background pressure of the MOT
vacuum chamber during operation is typically 10−8 Torr. The
partial pressure of the introduced species is monitored using
a calibrated residual gas analyzer �RGA�. The technique re-
quires the absolute pressure of the collision species to be
known accurately. The calibration of the RGA in the pressure
range of interest �10−7–10−9 Torr� was performed by the dy-
namic expansion method �30� for each gas species. The dy-
namic expansion method is utilized in vacuum systems that
are permanently evacuated by vacuum pumps. Full calibra-
tion details are given in previous work �22�. The pressure
calibration is the largest contribution to error for this tech-
nique and results in an error of 8% of the measured density
of the collision species.

Two other processes contribute to the measurement error,
the excited state fraction of the trapped atoms and recapture
after a small angle scattering event. Error due to the excited
state fraction is a result of the trapping laser beams remain-
ing in operation during the measurement. The measured
cross section will therefore have a contribution from both the
3P2�mJ=2� metastable state and the 3D3�mJ=3� excited state.
Typical operating parameters �I�2I0, 	�3
� yield a calcu-

lated excited state fraction of 1.4% of the total trapped at-
oms. This leads to an error in the measured 3P2 cross section
of only a few percent �22�.

The small angle scattering error is due to recapture of an
atom after a scattering event. Recapture can occur if the mo-
mentum transferred to a trapped atom, in an elastic collision
event, results in a velocity gain that is less than the escape
velocity of the trap. In this case the atom has undergone a
collision; however, the collision will not contribute to the
measured cross section.

The contribution to the error due to both of these pro-
cesses can be estimated by changing the trapping parameters.
In order to achieve this, the trapping laser beams are further
red detuned altering the excited state fraction and the escape
velocity of the trap. The escape velocity of the trap ranges
from approximately 5 to 35 ms−1 depending on the detuning.
For the case when the escape velocity is 5 ms−1, the mini-
mum scattering angle for Ar can be calculated to be approxi-
mately 30 mrad. The critical angle for small scattering angle
resolution is given by �31�

�c =
��

vrel��tot/2��1/2 . �9�

For Ar at 400 ms−1, �c�30 mrad, which implies that the
majority of the small angle scattering events are resolved.
The relative error associated with missing small angle elastic

FIG. 1. �Color online� Schematic of the Ne* trap apparatus, including, the metastable Ne source, Zeeman slower, trap B-field coils, and
associated laser beams.
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scattering is then 1% �32�. The same analysis can be carried
out for He and yields a smaller error of 0.1%.

Figure 2 is a typical graph of the cross section as the
detuning of the trapping laser is varied. This data shows no
change of statistical significance, suggesting that the contri-
bution to the cross section from both the excited 3D3 state
and the small angle scattering is not significant compared to
the total error.

Results are taken by measuring the total decay rate �due to
collisions with background atoms and the collision species�
��B+�C� as a function of the absolute density of the collision
species, n. The collision cross section can then be found
from Eq. �6�, as described previously. The decay rates are
measured multiple times ��10� at each pressure to reduce
the statistical error of the measurement. A fit to the data gives
the cross section with a fitting error of approximately
2–10 %. Repeating this measurement multiple times and tak-
ing a weighted average of the data reduces the statistical
error to �1%. As stated previously, the most significant con-
tribution to the error is due to the measurement of the abso-
lute density of the collision species �8%�. This error is added
in quadrature to a systematic error of 5%, which is included
to account for errors due to the excited state fraction and
small angle scattering. Table I gives the measured cross sec-
tions between metastable Ne in the 3P2 state and the ground
states of He, Ne, Ar, H2, O2, and N2. Previously reported
data for metastable Ne collisions with Ar �22� have been

updated due to an error in the density measurement for this
rare gas. It should be noted that the cross section for Ne*-He
is completely elastic since the metastable Ne atom does not
contain enough energy to ionize the He atom.

At low velocities it is expected that elastic, van der Waals
type interactions should dominate and the cross section can
be approximated as �31�

�tot�vrel� � 8� C6

�vrel
	2/5

. �10�

To estimate the total cross section over the velocity range,
the rate of collisions leading to trap loss is calculated for
each velocity using Eq. �10� and integrated from the capture
velocity of the MOT over the Maxwellian distribution. The
result can then be compared with the experimentally mea-
sured cross section. This approximation should be most ac-
curate for the Ne*-He interaction since the cross section is
entirely elastic. Using this method and C6 equal to
340 kcal mol−1 Å6 �33�, the total elastic cross section for
metastable Ne in the 3P2 state with thermal ground state He
can be calculated to be 168.9 Å2. This value lies within the
error for the experimentally measured cross section value
and further validates the cross sections measured in this
work.

We believe this measurement to be unique due to the low
energy of the collision and the relatively low error of each
measurement. For comparison purposes, the only similar
measurement from the literature is that of Rothe et al. �21�
�Table I�. In that work the total absolute collision cross sec-
tions for metastable Ne in the 3P2 state with thermal rare
gases are measured at approximately four times the collision
energy used in our work. The cross sections are roughly the
same order of magnitude as our work but are consistently
smaller. This is not a surprising result given the higher ener-
gies of the collision partners, since a trend exists for the
elastic cross section to decrease with an increase in collision
energy �34�. It should be noted that the sources of error in the
Rothe et al. �21� measurements are roughly estimated to be
25% of the measured cross section. We believe that our tech-
nique yields vastly superior measurement errors of approxi-
mately 9.5% of the measured cross section.
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